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Owing to their high energy density, high operating voltage, no-memory 
effect, slow self-discharge rate, and long cycle life, lithium-ion batteries have 
been widely used in electric vehicles (EVs) and hybrid electric vehicles 
(HEVs). The thermal and capacity-fading issues of lithium-ion batteries have 
spurred interest in thermal management for EV battery packs. This research 
work focused on the modeling of the thermal behaviour and capacity recovery 
of lithium-ion batteries and their thermal management using heat pipes. The 
electrochemical performance, thermal performance, cycle life performance, as 
well as capacity-recovery of lithium-ion batteries were investigated through 
modeling and simulation. Additionally, experimental and numerical studies 
were made to optimize the performance of a heat pipe thermal management 
system for lithium-ion batteries during fast charging. 
In the first modeling study, a lumped-scale electrochemical-thermal 
cycle life model for a lithium-ion battery was developed to predict the open 
circuit voltage of a cycled battery and to evaluate the effect of temperature on 
battery capacity loss. Additionally, a center capacity recovery method was 
proposed. In the second modeling study, the feasibility of the center capacity 
recovery method was evaluated and compared against other recovery methods 
using a local-scale electrochemical-thermal model. A local-scale electrochemi-
cal-thermal model was also employed in the study of the local distribution of 
lithium-ion concentration of two different spiral-wound cylindrical lithium-ion 
battery designs. The edge effect of the spiral-wound geometry of the cylindri-
cal battery was also investigated. In the final modeling study, a 2-D electro-
chemical-thermal model was developed on the cross-plane of a laminated 
vi 
 
stacked-plate pouch type lithium-ion battery to study the thermal performance 
of large format batteries. The effect of thermal contact resistance was taken 
into consideration, and was found to greatly increase the maximum tempera-
ture and temperature gradient in the battery. The effect of a large temperature 
gradient on the in-cell non-uniformity of the charging/discharging current and 
state-of-health was also investigated. Suggestions on battery geometry optimi-
zations for both prismatic/pouch batteries and cylindrical batteries were pro-
posed to reduce the maximum temperature and mitigate the temperature gradi-
ent within the battery. 
Regarding the thermal management system for lithium-ion batteries, 
experimental and numerical efforts were made to optimize a heat pipe thermal 
management system (HPTMS) for lithium-ion batteries during fast charging. 
In the experiment, heat pipes were incorporated into the thermal management 
system for prismatic/pouch cells. Design optimization focusing on lowering 
the thermal resistance and improving the temperature uniformity of the system 
was undertaken through parametric studies. Subsequently, an experimental 
study was carried out on the thermal behaviour of batteries during fast-
charging with the cooling of a HPTMS. Finally, a numerical model of the 
HPTMS was developed and comprehensively validated.  The model was used 
to characterize the effectiveness of the HPTMS and optimize the performance 
of the system. A cylindrical vortex generator was placed at the inlet of the 
cooling channel to improve the temperature uniformity. Experiments and tran-
sient simulations of a heat pipe thermal management system integrated with 
actual batteries proved that the optimized HPTMS is capable of thermal man-
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A lithium-ion battery is an energy storage unit typically composed of a 
carbon compound anode and a lithium oxide cathode, with a polymer separa-
tor and a non-aqueous electrolyte within the pore structures. Due to its high 
energy density, high operating voltage, no memory effect, slow self-discharge 
rate, and long cycle life, it has been widely used in electric vehicles (EVs) and 
hybrid electric vehicles (HEVs) which are regarded as solutions to the envi-
ronmentally-friendly transportation of the future.   
1.1 Lithium-ion batteries 
Lithium-ion batteries have large specific energy density, and high spe-
cific power compared to other rechargeable batteries, as shown in Fig. 1.1, 
making them an ideal choice for electric vehicles [1].  
 
Figure 1.1 Ragone plot for various energy storage systems [1] 
 
A lithium-ion cell is made up of a porous positive electrode (pe) and 
negative electrode (ne) coated on current collector foils (cc) with a separator 
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(sp) in between them and a liquid electrolyte filling the entire cell as shown in 
Fig. 1.2. The positive electrode materials could be LiCoO2, LiMn2O4, 
LiFePO4, etc. The negative electrode is typically a graphitic carbon (mesocar-
bon microbeads-MCMB). The separator is a microporous polyethylene or pol-
ypropylene film. The electrolyte solution typically comprises of a lithium salt 
dissolved in a mixture of organic solvents (e.g. LiPF6 in ethylene car-
bonate/dimethyl carbonate). During charging and discharging, the lithium ions 
are exchanged between the positive and the negative electrodes [2]. 
            
Figure 1.2 Schematic showing the operating principle of a lithium-ion cell 
 
1.2 Impact of temperature on lithium-ion batteries 
Lithium-ion batteries are still suffering from some undesirable temper-
ature-induced disadvantages, e.g. performance degradation at low temperature, 
capacity-fading at elevated and subzero temperatures, and even thermal runa-
way at extremely high temperature. In fact, there have been several cases of 
lithium-ion batteries going into thermal runaway in EVs and HEVs, e.g. the 
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fire on model S of Tesla [3]. Proper measures should be taken to ensure the 
performance, durability and safety of lithium-ion batteries by maintaining the 
operating temperature within an appropriate range. More research and devel-
opment must be made to ensure that EVs offer capabilities and performance 
comparable to conventional vehicles.  
The operating temperature of a lithium-ion battery is limited by the 
battery durability and safety (below 60 oC [4, 5]). The preferred temperature 
range providing a close to maximum power capability and providing an ac-
ceptable thermal ageing rate is between 25 oC-40 oC [4, 5].  
Elevated temperatures accelerate the aging of the battery [4]. While 
operating a battery at elevated temperatures momentarily improves perfor-
mance by lowering the internal resistance and speeding up the chemical me-
tabolism, such a condition shortens the service life [7]. Fig 1.3 illustrates the 
temperature dependency of the cycle life of a lithium-ion battery. As can be 
seen, the battery life drops dramatically when the battery is operated at a tem-
perature higher than 60 oC; the same thing happens at lower temperatures. In 
extreme cases, a lithium-ion battery can catch fire or explode due to a chain 
reaction.  
 
Figure 1.3 Temperature dependency of the life cycle of lithium-ion battery [6] 
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Lower temperatures also lead to decreasing power capability [8], so 
battery heating at low temperature should be taken into consideration when 
designing a battery pack. Lithium-ion batteries have high power density, but 
their power is severely limited at -30 oC [9], in which case, the battery must be 
heated rapidly after a cold startup. As reported in the literature [8], the capaci-
ty and power of the battery would suffer significant decrease when the operat-
ing temperature falls below 0 oC. However, a battery cannot heat itself up 
through self-heating. Hence, an external heating system is necessary. 
Research [10] has shown that the reason for current density inhomoge-
neity is that the local electrochemical impedance varies with temperature in 
different regions of the jelly roll of a cylindrical battery. High power cycling 
and the resulting temperature gradient additionally cause state of charge 
(SOC) gradients inside the jelly roll. The local SOC inside one cell diverges 
because of asymmetric current density distributions during charge and dis-
charge inside the cell and the temperature dependence of the local open circuit 
potential. Even after long relaxation periods, the SOC distribution in cycled 
LiFePO4-cells remains inhomogeneous across the jelly roll as a result of hyste-
resis in the open circuit voltage. The occurring thermal-electrical inhomogene-
ity is expected to influence local aging differences as well as global cell aging.  
When a large number of battery cells are packed into modules/packs, it 
is also important to maintain good temperature uniformity among modules and 
among battery cells. Otherwise, the batteries would suffer from a series of 
problems, such as overcharging which in turn can induce thermal runaway and 
capacity loss and eventually cause a module/pack level failure. A non-uniform 
temperature distribution in the battery pack can lead to localized deterioration. 
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An uneven temperature distribution in a pack can also lead to electrically-
unbalanced modules and thus to lower performance for the pack and vehicle. 
Therefore, temperature uniformity in a battery pack is important to increase 
the cycle life of the batteries [11]. An EV or HEV battery pack requires a 
thermal management system that is able to keep the temperature uniform 
across the pack. The target is to maintain the maximum and minimum cell 
temperature within a 3-5 oC range across the pack [4]. Otherwise, accelerated 
degradation may happen. The impacts of temperature on the battery/pack per-
formance and battery cycle life (capacity-fading) are summarized in Table 1.1. 
Table 1.1 Impacts of temperature on the battery and battery pack 
 
Temperature Impacts 
Very high Failure, fire and safety incidents 
High Degradation 
Low Degradation, low performance 
Cell non-uniformity Degradation, low performance 
Pack non-uniformity Degradation, low performance 
 
1.3 Addressing the impact of temperature 
1.3.1 Modeling of lithium-ion batteries 
The operating temperature of lithium-ion battery is determined by the 
balance between the heat generation and the heat dissipation, hence, under-
standing the heat generation mechanisms and evaluating the heat generation 
rates of lithium-ion batteries under different operating conditions are the pre-
liminary steps towards the solution of thermal issues of lithium-ion batteries. 
However, the study of heat generation mechanisms in lithium-ion batteries 
which are fabricated into different shapes is challenging, and has been a costly 
and time-consuming experimental undertaking. The electrochemical and ther-
6 
 
mal behaviours depend on the design of the batteries such as its shape and 
size, and the kinetic and transport properties of the materials used for making 
the batteries. Experimental studies of the performance of the batteries and its 
dependence on the design and material properties are also highly time-
consuming and costly tasks [2].  
Mathematical and physical models have been extensively used in the 
study of lithium-ion batteries, because mathematical modeling can save time 
and money as numerical analyses can be carried out at a significantly lower 
cost compared to experiments. In recent decades, various models [12-18] have 
been developed to simulate the electrochemical-thermal behaviours of lithium-
ion batteries. They, however, focused more on lower charging/discharging cur-
rents, and were only experimentally validated mostly at low currents. In addi-
tion, the capacity-fading behavior was most often modeled separately, and not 
coupled to the electrochemical-thermal modeling in these models. Additional-
ly, mathematical modeling has not been applied to the investigation on the 
study of capacity recovery of lithium-ion batteries. 
In this thesis, modeling and computational analyses have come to play 
an important role in elucidating battery characteristics, such as the electro-
chemical, thermal and capacity-fading behaviours of lithium-ion batteries. 
Modeling can also be used to analyze the capacity-fading behaviour of lithi-
um-ion batteries, and predict the state of health (SOH) of the battery.  It can be 
also used to investigate the possibility of capacity recovery methods for a de-
graded battery cell, and be employed in the parametric studies on the operation, 




1.3.2 Thermal management systems and capacity recovery 
Considering the impacts of temperature on lithium-ion batteries, a bat-
tery thermal management system with good heat dissipating capability is im-
portant for the satisfactory performance and life of the battery. When the bat-
tery temperature is too high, the heat generated within a battery must be dissi-
pated prolong the cycle life and improve the reliability. When the battery tem-
perature is too low (e.g. during winter operation), batteries should be heated to 
an optimum temperature. Thus a thermal management system is needed to 
control and regulate the battery temperature as well as ensure the temperature 
uniformity within a battery pack. Accordingly, the battery thermal manage-
ment system is a critical part of the design of EVs in order to maintain the bat-
teries operating under a safe and stable condition [19]. 
To optimize the performance of a battery pack, a thermal management 
system should possess the following characteristics [19]: (a). provide an opti-
mum operating temperature range for every cell and all battery modules, cool 
hot batteries and heat cold batteries; (b). maintain small temperature variations 
within a cell and module; (c). compact and lightweight, easily packaged, relia-
ble, low-cost and easy to service. 
Currently, different types of thermal management systems [20], includ-
ing air cooling [21], liquid cooling [22], phase change material (PCM) cooling 
[11] and a combination of the above techniques are available. A suitable ther-
mal management system can be chosen depending on the operational profile, 
the size of the battery system and the vehicle environment [20]. Most of these 
thermal management systems are focused on low C_rate operating conditions 
where the heat generation in the batteries is relatively small. In fast-charging 
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applications, the battery needs to be charged at a high C_rate current to 
achieve the full capacity in a short time [23]. A large amount of heat will be 
generated which will cause rapid temperature rise in the battery [24]. Besides, 
under some severe conditions, such as sharp acceleration, over-discharge of 
battery, battery internal short circuit, etc., the heat generation within batteries 
would be significantly increased. This may possibly lead to excessive tempera-
ture throughout a module/pack or thermal runaway of cells. Hence, a reliable 
thermal management system must be designed to cater for these severe operat-
ing conditions and maintain the cell within the optimum operation temperature 
limit. 
With a reliable thermal management system, the life of a lithium-ion 
battery is still limited to at most a few thousand deep-discharging cycles [25]. 
Much research in this field concentrates on developing and characterizing sta-
ble and safe materials for electrodes and electrolytes to increase the life span 
of lithium-ion batteries [2]. A new alternative to extend the life of lithium-ion 
batteries is the lithium replenishment technique, which uses a lithium storage 
electrode that is not active during battery operation but can be discharged 
against either the cathode or the anode when there is a need to increase the 
amount of the active lithium [25]. Wang et al. demonstrated an experimental 
test on the capacity recovery, and in their test, more than 50% (0.4Ah) of the 
lost capacity of an EOL (end of life) LiFePO4/graphite cell was recovered and 
the cell was then subjected to 1500 additional cycles [25]. Though the tech-
nique shows promise for the in situ rejuvenation of lithium-ion batteries, the 
replenishment employs a very low current, which results in a long replenish-
ment time, due to the tightly-wound jelly roll design of the cylindrical cell. 
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Further development in engineering design of the battery is necessary to sig-
nificantly reduce the replenishment time to enable its use in practical systems 
[25]. 
1.4 Objectives and outline 
The overall objective of this research is to conduct systematic model-
ing to investigate the electrochemical, thermal and capacity-fading behaviours 
of lithium-ion batteries, especially during high C_rate current charging pro-
cesses. Moreover, a thermal management system for lithium-ion batteries will 
be optimized and evaluated. To be specific, the objectives of this research are: 
1. Modeling and experimental validation of the electrochemical-thermal per-
formance and capacity-fading behaviour of lithium-ion batteries. 
2. Modeling of the capacity recovery methods for cycled lithium-ion batter-
ies.  
3. Modeling of the cell design optimization of large format lithium-ion batter-
ies.  
4. Experimental investigations on optimizing a heat pipe thermal manage-
ment system for lithium-ion batteries during fast charging. 
5. Numerical analyses on optimizing a heat pipe thermal management system 
for lithium-ion batteries during fast charging. 
A good thermal management system should not only be able to cool 
down the battery when the battery is heated up by the internal heat generation, 
but also be able to heat up the battery to an appropriate temperature when the 
battery is started up from a low temperature, which is harmful for battery per-
formance and cycle life. However, this research focuses on the cooling rather 
than heating. The heating issue is beyond the scope of this study. In addition, 
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there are various types of thermal management systems applicable for lithium-
ion battery cells/packs. However, this thesis mainly focuses on investigations 
on heat pipe thermal management systems.  
The significance of this study is, through modeling and experiments, to 
improve the understanding on the heat generation behaviour, thermal perfor-
mance, as well as the capacity-fading behaviour of lithium-ion batteries. In 
addition, a thermal management system will be developed and optimized to 
deliver optimum performance in maintaining the battery temperature within a 
proper range and ensuring good temperature uniformity within a battery mod-
ule/pack during fast charging.  
The outline of this thesis is as follows. First, a review of the existing 
models and thermal management systems for lithium-ion batteries is presented 
in Chapter 2. The mathematical formulations of the models are presented in 
Chapter 3.  
Chapter 4 presents a coupled electrochemical-thermal cycle life model 
of lithium-ion batteries. The temperature impact on the capacity-fading of the 
battery is investigated using the model. A conceptual design of capacity recov-
ery for cylindrical lithium-ion batteries is proposed.  
Chapter 5 further verifies the validity of the capacity recovery design. 
Different capacity recovery methods are evaluated and compared. The center 
recovery method and the bottom recovery method are simulated for both a 
commercial battery with normal current collector foils and a novel battery 
with porous current collector sheets. Comparisons are made on the perfor-
mance of the two different capacity recovery methods for different batteries on 
the basis of SOC (state of charge, defined as actual lithium ion concentration 
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over maximum lithium ion concentration) evolution, SOC distribution, and 
discharging potential. 
Chapter 6 provides some insights into the design of large format lithi-
um-ion batteries. A 2-D electrochemical-thermal model is developed on the 
cross-plane of a laminated stack plate prismatic/pouch lithium-ion battery, the 
effect of thermal contact resistance on the thermal performance of lithium-ion 
battery is examined, and the influence of temperature gradient on the electro-
chemical performance within a lithium-ion battery is also studied. A pulse 
charging protocol is evaluated compared to the constant current charging in 
terms of heat generation rate and temperature rise during charging. Sugges-
tions on battery geometry optimizations for both prismatic battery and cylin-
drical battery are proposed to reduce the maximum temperature and mitigate 
the temperature gradients within the battery.  
Chapter 7 presents experimental studies on optimizing a heat pipe 
thermal management system, so that the thermal management system could 
meet the requirements of fast charging and extreme conditions. Sensitivity 
studies on various design parameters, including the heat pipe working fluid, 
flow rate, coolant temperature, heat pipe operating orientation, the number of 
heat pipes in a heat pipe cold plate (HPCP), and with/without cooling fins, are 
carried out to identify the influence of each parameter on the thermal response 
of the heat pipe thermal management system (HPTMS).  
Chapter 8 focuses on the optimization of cooling performance of a 
HPTMS through numerical modeling. A numerical model is calibrated and 
comprehensively validated with the experimental results presented in Chapter 
7, and is then employed for the steady state and transient analyses of the 
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HPTMS. Critical quantities such as maximum temperature, temperature dif-
ference across the heat spreader of the HPCP are extracted from the numerical 
results for discussions on the effectiveness of the HPTMS. 
Chapter 9 provides a summary of the key findings and contributions of 





2 Literature review 
As mentioned in Chapter 1, modeling plays a key role in investigating 
the electrochemical, thermal and capacity-fading behaviour of lithium-ion bat-
teries, and is essential for analyzing and optimizing the design of battery cells. 
A thermal management system is crucial for improving the battery’s charg-
ing/discharging performance, lengthening its life and securing the safety of 
battery cells/packs. The following review will focus on the various studies on 
modeling, as well as different efforts in designing thermal management sys-
tems for lithium-ion batteries.  
2.1 Modeling  
Much efforts has been undertaken to study different aspects of lithium-
ion batteries such as optimization of cell design [26], development of thermal 
management system [27], capacity-fading issues [28, 29] and short circuit is-
sues [30]. There are other models such as equivalent circuit models and empir-
ical cycle life models. The review below focuses more on mechanistic models.  
2.1.1 Isothermal electrochemical modeling 
Electrochemical modeling greatly improves the understanding of the 
electrochemical reactions and transport phenomenon within a battery. New-
man et al. [31, 32] presented a general review of the several key aspects that 
must be considered in modeling the behaviour of lithium-ion batteries. The 
basic modeling framework consists of porous electrode theory, concentrated 
solution theory, Ohm’s law, kinetic relationships, and charge and material bal-
ances [31, 33-36]. Porous electrode theory treats the porous electrode as a ho-
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mogeneous mixture of different volume fractions of active material, electro-
lyte, and filler. Concentrated solution theory provides the relationship between 
driving force and mass flux. A charge balance quantifies the current passing 
from the electrode into the electrolyte. Ohm’s law describes the potential drop 
both in electrodes and the electrolyte. Finally, the Butler-Volmer equation de-
picting the kinetic reaction acts as a bridge connecting the lithium ion concen-
tration in electrodes and the electrolyte. A limitation of isothermal electro-
chemical models [31, 32] is that they are not able to predict the heat genera-
tion in the battery. 
2.1.2 Coupled electrochemical-thermal modeling 
In coupled electrochemical-thermal modeling, an energy balance equa-
tion is incorporated into the model. The heat source in the equation is the sum 
of the ohmic heat, the activation heat, and the reversible heat generated during 
the battery operation. In the electrochemical modeling, temperature dependent 
variables are used, and the characteristic temperature used for the electro-
chemical modeling is either the averaged battery temperature (in a lumped-
scale electrochemical-thermal model) or the local distributed temperature (in a 
local-scale electrochemical-thermal model). Details of the coupled electro-
chemical-thermal modeling are elaborated in the section below.  
2.1.2.1 Average heat generation method  
The average heat generation method (lumped-scale model) assumes 
uniform electrochemical behaviours within a battery, and thus uniform local 
heat generation rate. The temperature dependent electrochemical behaviours 
are simulated based on a characteristic average temperature calculated from 
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the thermal model, while the average temperature is calculated based on the 
heat generation rate from a 1-D electrochemical model. 
The coupling between the 1-D electrochemical model and the thermal 
model (1-D, 2-D, and 3-D) is schematically shown in Fig 2.1. The thermal 
models in different dimensions are summarized as follows. 
 
Figure 2.1 Schematic of coupled electrochemical-thermal model for lithium-
ion batteries 
 
(a). Heat generation rate 
In order to describe the heat generation phenomenon within the battery, 
in 1985, Bernardi et al. [12] presented a general energy balance equation for 
battery systems upon which more subsequent models rely. Later in 1995, John 
Newman and Caroline Pals [18] conducted a thermal modeling of a single lith-
ium-ion battery cell. In 2004, Chen et al. [16] proposed a remarkable optimal 
approach to simplify the thermal model of a lithium-ion battery. The above 
efforts have helped to establish the foundations of thermal modeling of lithi-
um-ion batteries. 




avg rea rev ohmQ Q Q Q= + +  (1.1) 
where the active heat generation Qrea is due to the reaction heat due to active 
polarization of electrodes during operation as shown in Eq. 1.2; the heat gen-
eration Qrev is the reversible heat arising from the entropic effect in Eq. 1.3; 
the ohmic heat generation Qohm quantifies the ohmic heating, Eq. 1.4. 
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where, ,a iS  is the specific surface area, jloc is the electrode current source, 1f  is 
the electric potential of the electrode, 2f  is the electric potential of the electro-





 is the entropy term of the electrode material, 
1
effs  is the effective electric conductivity of the electrode, 2
effs  is the effective 
electric conductivity of the electrolyte, junck  is the liquid-junction potential of 
the electrolyte, 2c  is the lithium ion concentration in the solution phase. The 
first term in Eq. 1.4 is the ohmic heating in the solid phase, and the second and 
the third terms are the ohmic heating in the solution phase.  
(b). 1-D single battery thermal modeling  
A 1-D electrochemical-thermal model can be used to simulate and pre-
dict battery electrochemical performance as well as thermal behaviour. In Ref. 
[8], a 1-D electrochemical-thermal model was constructed based on Newman’s 
work and used to study the thermal effects on battery performance. A quasi 
adiabatic experiment was conducted with thermal resistive material wrapped 
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around a single battery, so as to measure the heat generation rate without the 
influence of the ambient environment. The temperature rise on the battery sur-
face was simulated and the simulation results showed good agreement with the 
experimental data. Different components of heat generation, including ohmic 
heat, active polarization heat and reaction heat, were analyzed.  
(c). 2-D single battery thermal modeling 
2-D modeling is also a good method to investigate the thermal behav-
iour of lithium-ion batteries. The model can predict a more detailed tempera-
ture distribution within the lithium-ion battery than 1-D modeling. Kim et al. 
[13] presented a 2-D thermal model of a prismatic lithium-ion battery which 
gave good agreements between the simulated and experimental battery surface 
temperature distribution, as can be seen in Fig. 2.2.  
 
Figure 2.2 Simulation of temperature distribution on the surface of a prismatic 
lithium-ion battery 
 
2-D modeling can also be used in the modeling of cylindrical lithium-
ion batteries by using cylindrical coordinates. Chen et al. [17] modeled the spi-
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ral-wound lithium-ion battery during discharge under different ambient condi-
tions: natural convection; forced convection (parallel flow with h=50W m-2 K-
1) and forced convection (cross flow with ReD=70800), this model can be used 
to predict the temperature distribution inside the battery during different 
C_rates discharging under different ambient conditions (Fig. 2.3).  
 
Figure 2.3 (a) Geometry of a spiral-wound cylindrical lithium-ion battery; (b) 
temperature distributions from 2-D simulations 
 
(d). 3-D single battery thermal modeling 
 
Figure 2.4 3-D geometry and temperature distribution  
 
In Ref. [38], a transient and electrochemical-thermal finite element 
analysis of a cylindrical lithium-ion battery was presented (Fig. 2.4). This 
model provides the thermal behaviour of a lithium-ion battery during a dis-
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charge cycle. The model solves the energy equation considering heat genera-
tions due to both joule heating and entropy change. The temperature distribu-
tion during low current discharge was found to be more uniform. The model 
can also be used to simulate the temperature change during different C_rate 
current discharges.  
2.1.2.2 Local heat generation method 
Instead of using the volume-averaged heat generation rate calculated 
from the 1-D electrochemical model in the lumped-scale electrochemical-
thermal model, a local-scale electrochemical-thermal model couples an elec-
trochemical model and a thermal model, both of which share the same calcula-
tion domain. The spatial distribution of heat generation is calculated from the 
electrochemical model, and is then coupled to the thermal model to calculate 
the spatial distribution of temperature, which is fedback to the electrochemical 
model for the calculation of temperature dependent transport properties and 
heat generation terms. The local-scale electrochemical model is therefore ca-
pable of predicting the local distribution of heat generation rate within a bat-
tery, and hence is able to provide detailed and local insights of electrochemis-
try, transport phenomena and heat transfer processes in a battery. Song and 
Evans [39] and Gu et al. [40] used local heat generation instead of average 
heat generation. The coupling between the electrochemical and thermal mod-
els was achieved through temperature-dependent transport properties and heat 
generation terms. 
Somasundaram et al. [41] developed a coupled electrochemical-
thermal model for a cylindrical spiral-wound lithium-ion battery without com-
promising local resolution. The model can be easily applied to spiral-wound 
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prismatic cells as well. They applied the derived model to investigate the de-
sign and operation of a passive thermal management system based on phase 
change materials. The model considers transient conservation of charges, spe-
cies and energy; it couples the electrochemical and thermal behaviour through 
the heat generation arising from reversible, irreversible and ohmic heating as 
well as through the temperature-dependent transport and electrochemical pa-
rameters. The results are discussed with emphasis on transient behaviour and 
temperature distribution in the various layers of the spiral-wound battery under 
galvanostatic discharge at various C_rates [41].  
 
Figure 2.5 Schematic of the battery structures 
 
The schematic of the battery structures is shown in Fig. 2.5: (a) a 
18650 lithium-ion battery, (b) cross-section of the 18650 battery showing the 
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spiral-wound jelly roll, (c) cross section of the battery with PCM surrounding 
it, (d) various functional layers in the jelly roll with the roman numerals indi-
cating the interfaces of these layers at the inner end of the spiral, (e) outer end 
of the spiral with the interfaces of various layers shown by the roman numer-
als, (f) modified computational domain (g) agglomerate structure in the nega-
tive electrode (the positive electrode also exhibits a similar structure) and, (h) 
diffusion of lithium in active material in the electrodes on the microscale [41]. 
2.1.3 Cycle-life (capacity-fading) models 
Cycle-life (capacity-fading) models help in the understanding of the ca-
pacity-fading mechanisms of batteries, and can be used as a tool for predicting 
the state of health (SOH) and for investigating capacity recovery techniques 
for used/cycled batteries.  
The capacity-fading of a lithium-ion battery is caused by several different 
mechanisms associated with side reactions, leading to electrolyte decomposi-
tion, passive film formation, active material dissolution, and other phenomena 
[42]. Recent investigations on lithium iron phosphate batteries [43] reveal that 
battery capacity is affected by the battery temperature, depth of discharge 
(DOD) and operating current density. 
In order to verify capacity-fading mechanisms and predict capacity-
fading within the battery, capacity-fading models (electrochemical models 
[42], empirical correlations [43]; equivalent circuit models [44]) have been 
presented by other researchers. We are interested in electrochemical models 
and empirical correlations in this thesis. Electrochemical models incorporate 
capacity-fading governing equations to account for the capacity-fading effect 
of batteries using the first-principle model introduced by Doyle et al. [45]. 
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Arora et al. [42] incorporated multiple capacity-fading mechanisms into the 
battery electrochemical model, and suggested another model [46] considering 
the lithium deposition overcharge reaction in lithium-ion batteries with car-
bon-based negative electrode. The growth of the SEI (Solid Electrolyte Inter-
face) layer has been implemented into the electrochemical model. Many mod-
eling efforts have been dedicated to study the effect of side reactions and the 
SEI layer on battery performance and aging [47-52]. Empirical correlations 
have been developed by fitting capacity-fading rate as a function of factors 
that affect the capacity-fading based on a large amount of experiment data. For 
example, Wang et al. [53] developed an empirical cycle-life model by fitting 
capacity-fading as a function of battery temperature, current density and DOD, 
based on comprehensive experimental data.  
Electrochemical models considering all the capacity-fading mecha-
nisms have been shown to be effective in validating capacity-fading mecha-
nisms as discussed above, but for predicting the rate of capacity loss, it turns 
out to be a tedious work and it is difficult to find out the proportion that each 
mechanism contributes to the battery capacity loss and to keep a balance 
among them [54]. Therefore, when focusing on prediction of the rate of capac-
ity loss, implementing only the dominant capacity-fading mechanism into the 
electrochemical model would be more cost-effective than incorporating all the 
mechanisms, especially when the developed capacity-fading model is to be 
used in a battery management system (BMS). Empirical correlations [43] is 
straightforward in predicting the capacity-fading rate by fitting capacity-fading 
rate as a function of battery operating conditions (such as temperature, current 
and DOD), however, such correlations are incapable of predicting the corre-
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sponding battery discharging performance and the OCV (open circuit voltage, 
which is essential for the SOC prediction) characteristic curves.  
In this work, we try to predict battery cycle life and battery electro-
chemical-thermal behaviours as well as the OCV characteristic curve in one 
model by taking advantage of both electrochemical-thermal modeling and em-
pirical correlations of battery cycle life. Many battery management systems 
use battery open circuit voltage (OCV), which can be obtained by discharging 
the battery at a low C_rate current, to predict the state of charge (SOC) of the 
battery [55, 56]. However, the OCV characteristic curve of a battery changes 
with battery capacity-fading, leading to inaccurate estimations of the SOC for 
a cycled battery if the estimation is based on the initial OCV characteristic 
curve. So the prediction of the OCV characteristic curve of cycled battery is 
necessary for a more accurate SOC estimation, and would be one of the objec-
tives of the cycle life model developed in this thesis.  
2.1.4 Summary  
In the modeling of electrochemical-thermal behaviours of lithium-ion 
batteries, the lumped-scale model generally couples a 1-D electrochemical 
model with a 1-D [57], 2-D [58], or 3-D [16] thermal model. These lumped-
scale models are generally adequate for the overall heat generation and aver-
age electrochemical performance. However, they are incapable of analyzing 
the spatial non-uniformity of current, heat generation and state of charge dis-
tribution within the battery. The other type of coupled electrochemical-thermal 
model is the local-scale electrochemical-thermal model [41] which couples the 
local thermal behaviour and local electrochemical performance, and has the 
intrinsic advantage of capturing the detailed spatial thermal behaviour and 
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electrochemical performance. Hence, the local-scale electrochemical-thermal 
model is more powerful in the understanding of the battery internal behaviour 
and optimizing the battery design. However, a major drawback of this model 
is the much longer computing time and higher requirement of computing re-
sources. 
Among the above models, the selection of the model relies on the level 
of detail and accuracy required and the computing power available. To be spe-
cific, when the study focuses more on the distributed performance of a single 
battery, the local-scale model is preferred, while in the study of a battery mod-
ule/pack which involves the simulation of a great number of batteries, the 
overall thermal behaviour and electrochemical performance are required, a 
lumped-scale electrochemical-thermal model is sufficient and more computa-
tionally efficient. The above reviewed studies, however, focus more on lower 
charging/discharging currents, and were only experimentally validated mostly 
at low currents. The application on electric vehicles requires the battery to be 
charged in a shorter time, and may involve high charging currents. It is there-
fore important to extend the model to high charging current application. In ad-
dition, while most researchers focus on reducing the temperature rise in batter-
ies and battery packs, and try to mitigate the temperature inhomogeneity be-
tween batteries within a battery pack, much less work has been done on miti-
gating the temperature inhomogeneity within a single battery.  A mathematical 
modeling effort providing insights into the effect of temperature non-
uniformity on the battery local-distributed performance is also important.  
In the modeling of the capacity-fading behaviours of lithium-ion bat-
teries, electrochemical models considering all the capacity-fading mechanisms 
25 
 
have been shown to be effective in validating capacity-fading mechanisms. 
However, when it comes to the prediction of the rate of capacity loss in a bat-
tery management system, it turns out to be a tedious work and it is difficult to 
find out the proportion that each mechanism contributes to the battery capacity 
loss and to keep a balance among them [54]. The other type of cycle-life mod-
eling using empirical correlations [43] is straightforward in predicting the ca-
pacity-fading rate by fitting capacity-fading rate as a function of battery oper-
ating conditions (such as temperature, current and DOD), however, such corre-
lations are incapable of predicting the corresponding battery discharging per-
formance and OCV characteristic curves. To take advantages of these two 
types of cycle life models, cycle life correlations can be incorporated into elec-
trochemical-thermal model to predict battery potential and to investigate the 
effect of temperature on capacity-fading rate. Moreover, mathematical model-
ing has not yet been employed into the investigation and optimization of ca-
pacity recovery methods for replenishing active lithium into used/cycled lithi-
um-ion batteries.  
2.2 Thermal management systems 
This section highlights the various types of thermal management sys-
tems designed for batteries. It has been elucidated by various studies that the 
appropriate operating temperature range for lithium-ion batteries is 25-40 oC. 
Within this range the lithium-ion battery achieves a good balance between per-
formance and life [5, 59]. In practical applications, some researchers used a 
maximum surface temperature limit of 50 oC when designing the battery ther-
mal management systems [60, 61]. The temperature difference in a module is 
also desired to be maintained below 5 oC to avoid large cell-to-cell imbalance 
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which may accelerate the degradation of batteries [5]. Besides, due to the lim-
ited space in an electric vehicle, a TMS is also required to be compact and 
lightweight [20].  
2.2.1 Air cooling 
The basic idea of air cooling is to cool the battery with force convec-
tion. Conditioned air from the passenger compartment can be utilized to cool 
the battery more effectively. Three types of air cooling designs are summa-
rized in Ref. [20], including passive air cooling, passive air cooling/heating 
and active air cooling/heating, as shown in Fig. 2.6.  
 
Figure 2.6 (a) Passive air cooling; (b) Passive air cooling/heating; (c) Active 
air cooling/heating 
 
Air cooling is a cheap and convenient way for thermal management. 
Air flow rate should be increased to deal with batteries generating larger 
amounts of heat. Air cooling may be effective when the battery pack is operat-
ed under mild conditions, but may be insufficient if the battery pack is in a 
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stressful or abuse condition, especially when the battery is under high rate dis-
charging or working at high ambient temperatures. Another problem is that, 
the temperature of air rises significantly in the flow direction due to the low 
specific heat of air, this may build up large temperature non-uniformity within 
a battery module/pack. As a result, the temperature of the battery near the fan 
may be lower than that far away from the fan. Non-uniformity in the battery 
pack under air cooling is almost always inevitable. 
To optimize the air cooling system and mitigate the temperature non-
uniformity in the battery pack, researchers have suggested different solutions. 
Mahamud, R. et al. [21] presented an optimized air cooling system by intro-
ducing reciprocating air flow in the battery pack. As shown in Fig. 2.7.   
 
Figure 2.7 Schematic view of a battery system using a reciprocating air flow 
for battery thermal management: (a) from right to left; (b) from left to right; 
(c) Temperature distribution using reciprocating air flow; (d)Velocity distribu-
tion in battery pack using reciprocating air flow 
 
The numerical results showed that reciprocating flow can reduce the 
cell temperature difference of the battery system by about 4 oC (72% reduc-
tion) and the maximum cell temperature by 1.5 oC for a reciprocation period of 
τ = 120 s as compared with the uni-directional flow case (τ=∞). This tempera-
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ture improvement can be attributed to the heat redistribution and disturbance 
of the boundary layers formed on the batteries due to the periodic flow rever-
sal. 
Pesaran et al. [5] presented a parallel cooling design (Fig. 2.8), where 
airflow rate was split into equal portions and each portion flows over a single 
module. In series cooling, the temperature of the modules varies from one side 
of the pack to the other. Parallel air flow provided more uniform temperature 
distribution among cells in the pack.  
 
Figure 2.8 (a) Schematic of series cooling; (b) 2-D modeling of series cooling; 
(c) Schematic of parallel cooling; (d) 2-D modeling of parallel cooling 
 
Pesaran et al. [62] listed the disadvantages of air cooling as: a limit of 
maximum flow rate of cooling air between 100 m3 h-1 and 250 m3 h-1 (depend-
ing on vehicle cabin air temperature), low cooling performance, noise, inho-
mogeneous temperature distribution within the battery pack, risk of fouling 
and potential safety concerns due to emission of toxic gases from the battery 
pack. 
2.2.2 Liquid cooling 
As regards liquid cooling systems, Fig. 2.9 shows a liquid-cooled bat-
tery system [20]. Available coolants are water, glycol, oil, acetone or even re-
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frigerants. Pesaran et al. [62, 63] suggested that air cooling is adequate for 
parallel HEVs, while for EVs and series HEVs, liquid cooling is required.  
 
Figure 2.9 (a) Passive liquid cooling; (b) Active moderate cooling/heating; (c) 
Active cooling (high temperature)/heating (cold temperature) [20]; (d) Sche-
matic of heat transfer system of a liquid-cooled battery 
 
Liquid cooling can also be divided into two classes, one is the direct-
contact liquid cooling where the coolant is indirect-contact with the battery 
surface, the other is indirect-contact cooling in which the coolant flows 
through tubes, jackets or cold plates which may be directly attached to the bat-
tery surface [62]. In Ref. [64], a liquid thermal management for battery pack 
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with efficient and easy recycling functions is presented. However, preventing 
liquid leakage is an important issue in liquid cooling which increases the price 
of liquid cooling systems.  
Indirect-contact liquid cooling using cold plates helps to avoid the use 
of dielectric liquids, and can possibly enhance the heat dissipation perfor-
mance with the grove or fin structure of the cold plate. Jin et al. [22] devel-
oped an oblique-finned liquid cold plate, which showed performance en-
hancement over conventional channel with minimal pressure penalty.  Jarrett 
et al. [65] optimized a cold plate configuration to improve the temperature uni-
formity for an application of EV battery thermal management.  
2.2.3 PCM cooling 
Phase Change Materials (PCMs), also known as latent thermal storage 
materials, use chemical bonds to store and release heat. Paraffin wax is a 
commonly used PCM material with a melting temperature range of 40-44 oC 
and a latent heat of melting/solidification of 195 kJ kg-1. PCMs eliminate the 
need for auxiliary cooling systems such as pumps and fans, and improve pow-
er availability. PCMs with high latent heat of fusion are capable of absorbing 
large quantities of heat generated by the battery during discharging when filled 
between the cells in a module. A PCM with high latent heat can prevent a 
sharp rise of battery temperature and ensure that the battery operates at its op-
timum temperature. The rate of heat removal can be enhanced by impregnat-
ing the PCM in a graphite matrix which possesses a higher thermal conductivi-
ty [66]. A PCM-enhanced battery pack offers advantages such as reduced peak 
temperatures, better temperature uniformity and reduced volume of the overall 
thermal management system. However, there are some disadvantages of PCM-
31 
 
enhanced battery packs such as heat accumulation at the PCM located at the 
center of the battery pack, additional weight and undesirable thermal inertia 
[20, 59, 62, 66, 67]. 
Yang et al. [66] introduced a passive thermal management system by 
using a phase change material (PCM) for EV and HEV lithium-ion battery 
packs. Heat generated by the battery is dissipated to the PCM and then to the 
battery case, finally the heat would be dissipated to the air. Kizilel R. et al. [11] 
compared an air cooling method with a PCM cooling method (Fig. 2.10).  
 
Figure 2.10 (a) Schematic of air cooling and PCM cooling; (b) Cell tempera-
ture increase for PHEV-20 battery pack under stressed discharge conditions.  
 
PCM alone, such as paraffin wax with a large heat storage capacity but 
low thermal conductivity, is not sufficient for high heat fluxes. To resolve the 
conflict between large heat storage capacity and low thermal conductivity, 
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many methods using a metal matrix or graphite matrix [20, 68] have been in-
vestigated for increasing the thermal conductivity of PCMs. 
2.2.4 Heat pipe cooling 
In recent years, heat pipe thermal management systems (HPTMS) have 
been studied. Heat pipes, known as “supper thermal conductors”, have been 
widely used in many industrial applications for their efficient cooling and 
thermal management [69-73]. A heat pipe consists of a sealed pipe in which 
capillary wicking material is used to provide the driving force to return the 
condensate at one end of the heat pipe to the evaporator at the other end. The 
effective thermal conductivity of heat pipes can reach up to 90 times higher 
than that of a copper bar of the same size [74]. For heat pipes with a metal-
sintered powder wick, the heat transfer in the radial direction due to the liquid 
evaporation is much more than the heat transfer along the heat pipe envelope. 
Consequently, an isothermal temperature profile can be achieved along the 
evaporator [75], ensuring a good uniformity of the battery temperature.  
Wu et al. [76] attached two heat pipes with metallic aluminum to the 
battery wall to improve the heat transfer process. Their experimental and 
simulation results showed that the application of the heat pipe could signifi-
cantly reduce the temperature rise, especially with the assistance of metallic 
aluminum fins.  
Jang and Rhi [77] combined heat pipes with air cooling by distributing 
heat pipe on the surface of the battery and blowing over air the condenser sec-
tion. The operating temperature can be controlled under 50 oC with pure water 




Figure 2.11 Heat pipe battery cooling system [77] 
 
An experimental study of heat pipe thermal management system 
(HPTMS) with wet cooling method for lithium-ion batteries was reported by 
Zhao et al. [78]. The proposed thermal management system (Fig. 2.12) relies 
on ultra-thin heat pipes which can efficiently transfer the heat from the battery 
sides to the cooling ends where the water evaporation process can rapidly dis-
sipate the heat. A combination of natural convection, fan cooling and wet cool-
ing methods was also introduced to the HPTMS, which is able to control the 
temperature of the battery pack in an appropriate temperature range with min-
imum cost of energy and water spray.  
 
Figure 2.12 8 Ah (top) and 3 Ah (bottom) battery packs with heat pipes [78] 
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Wang et al. [79] developed a similar design, and the proposed solution 
as shown in Fig. 2.13 was able to maintain the battery surface temperature un-
der 40 oC if less than 10 W of heat is generated within the cell. 
 
Figure 2.13 Heat pipe battery thermal management system demonstration [79] 
 
Another similar design utilizing heat pipes was computationally ana-
lyzed by Greco et al. [80] with aluminum cooling plates embedded with heat 
pipes. A simplified 1-D transient computational model of a prismatic lithium-
ion battery cell was developed using a thermal circuit approach in conjunction 
with the thermal model of the heat pipe. As shown in Fig. 2.14, a maximum 
temperature of 51.5 oC was predicted when forced convection was applied to 
the design.  
 
Figure 2.14 Battery cell sandwiched by two heat pipe sets [80] 
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Rao et al. [61] developed a HPTMS as shown in Fig. 2.15 for prismatic 
batteries, and the experimental results showed that the maximum temperature 
could be controlled to below 50 oC when the heat generation rate of the battery 
was lower than 50 W. The heat generation rate was limited to 30 W when the 
desired battery temperature gradient was taken into consideration. 
 
Figure 2.15 Schematic of the experimental set-up [61] 
 
2.2.5 Summary  
The design and development of a compact, light-weight, easy-
maintenance, reliable, effective and efficient thermal management system is 
necessary for the high charging rate EV/HEV battery pack to prolong the life 
time, optimize the performance and reduce the thermal ageing of the battery. 
Various types of thermal management systems have been developed to 
meet the above requirements. Among them, air cooling is the cheapest and 
simplest [21, 81]. However, air cooling may not be effective when the ambient 
air temperature is too high in summer. Furthermore, air cooling would not be 
adequate if the battery module/pack is under a stressful or thermal abuse con-
dition [62, 63] . 
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Liquid cooling may be effective for dissipating large amounts of heat 
generated by the battery, but suffers potential leakage and requires complex 
design. Preventing liquid leakage is important for liquid cooling, which in-
creases the price of the system, and the use of dielectric fluids for direct-
contact liquid cooling is costly. In addition, high pressure drop in liquid cool-
ing leads to high energy consumption [22] . 
The phase change material (PCM) thermal management system [82] 
performs better in terms of space occupation [83], and is aimed at cooling for 
battery operating at lower current, in which case the heat generation rate with-
in the battery is not significant. Nevertheless, PCM alone is insufficient for 
high heat fluxes, especially when its thermal conductivity is low. Higher ther-
mal conductivity of PCM requires additional treatment, which may in turn in-
crease the cost of the thermal management system.  
This thesis focuses on a relatively new system-heat pipe thermal man-
agement system, which can help to achieve good temperature uniformity, but 
is not yet adequately studied and optimized. Good temperature uniformity can 
be achieved by making use of the high thermal conductivity of the heat pipe, 
and the large amount of heat generated during high current charg-
ing/discharging process can be well dissipated with external metal fins. How-
ever, most of the existing thermal management systems are focused on low 
C_rate (i.e. less than 1 C [76]; 2 C [79]; 3 C [78]) operating conditions where 
the heat generation in the batteries is small. Besides, the optimization of these 
HPTMSs has not been attempted and most of the systems have not been ex-
perimentally validated with real batteries. 
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In the fast charging application, the battery needs to be charged at high 
C_rates to achieve full capacity in 10 minutes [23]. Large amount of heat is 
generated which may cause rapid temperature rise of the battery [24]. Besides, 
in some severe conditions, such as sharp acceleration, over-discharge of bat-
tery, battery internal short circuit, etc., the heat generation within batteries will 
be significantly increased. This may possibly lead to excessive temperature 
throughout a module/pack or thermal runaway of cells. Hence, a reliable ther-
mal management system must be implemented to cater for these severe opera-
tion conditions and maintain the cell within the optimum operating tempera-
ture range. Existing thermal management systems utilizing heat pipes are not 
designed to dissipate the large amount of heat generation from the battery 
pack. The heat pipe may reach its dry-out point when the heating power at the 
evaporator section exceeds a critical value [84]. In addition, due to the poor 
thermal conductivity of the active material layer and separator in the battery, 
the internal temperature of the cell is higher than the skin temperature of the 
cell [24]. Hence, a lower limit of maximum surface temperature of 40 oC is a 
more appropriate criterion than 50 oC when designing a TMS for fast charging 
lithium-ion batteries.  
The next chapter will present the mathematical formulations of the 




3 Mathematical formulations 
3.1 Electrochemical reactions 
In this chapter, the mathematical formulations for a single lithium-ion 
battery are outlined. The coupling among electrochemical, thermal and capaci-
ty-fading behaviours is presented in this chapter. The lumped-scale electro-
chemical-thermal cycle life modeling scheme is presented in this chapter as an 
example.  
The electrochemical model for the LiFePO4 lithium-ion battery in this 
thesis is developed based on the pseudo 2-D model of Doyle et al. [45, 85], 
and has been presented in Ref. [8]. Fig. 3.1 shows the schematic calculation 
domain of a one-dimensional (1-D) battery model [45, 85, 86]. Two inner 
boundaries (anode/separator interface boundary 2 and cathode/separator inter-
face boundary 3) and two external boundaries (anode/current collector inter-
face boundary 1 and cathode/current collector interface boundary 4) are shown 
in the figure. The spiral-wound cylindrical battery is considered as a lumped 
single cell, so that its electrochemical performance is assumed to be homoge-
neous within the cylindrical battery. The average battery temperature Tavg in 
the 2-D thermal model is fed back to the electrochemical model to account for 
the temperature effect on the electrochemical performance of the battery. The 
heat generation rate Qavg is in turn fed back from the electrochemical model to 
the thermal model for calculating the battery temperature.  
The main model assumptions are as follows: 
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(1) Gas generated during operation is neglected, and only the liquid phases 
and the solid phases in lithium-ion battery are considered. 
(2) Side reactions during operation are neglected. 
(3) The active materials in the solid electrodes are considered to be homoge-
nous, and are composed of spherical particles. 
(4) The effects of double-layer capacitance are neglected. 
(5) The temperature-dependent transport and kinetic parameters are described 
by Arrhenius type expressions.  
 
Figure 3.1 Schematic of an electrochemical-thermal model  
 
3.1.1 Electronic charge balance  
3.1.1.1 Solid phase: 
During charging and discharging, lithium ions and electrons transfer in 
reverse directions. The amount of electronic charge transfer equals to the 
amount of lithium ion transfer within a cell following the law of conservation 
of charge. The charge transfer in the electronically conducting solid phase of 
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the electrode region also follows Ohm’s law. Electronic charge balance in the 
solid phase (pe, ne, cc) can be expressed as  
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eff gs s e=  (3.2) 
where, 1f  is the electric potential of the electrode, 1
effs  is the effective electric 
conductivity of the electrode, ,a iS  is the specific surface area, 1,ie  is the vol-
ume fraction of the active material of the electrode, 1g is the bruggeman tortu-
osity exponent, jloc is the electrode current source. The term on the left-side of 
Eq. (3.1) is the amount of electronic charge transfer defined by Ohm’s law, 
while the term on the right-side is the amount of lithium ion transfer. It should 
be noted that when the above equations are applied to the current collectors 
(cc), the value of the electrode current source equals to 0 because there are no 
current source in the current collectors. The volume fraction in the current col-
lector equals to 1.  
1f  is arbitrarily set at zero at boundary 1. At boundary 4, the charge 
flux is set to be equal to the local current density I. Boundaries 2 and 3 are iso-
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3.1.1.2 Solution phase 
The electronic charge balance governing equation in the solution phase 
(pe, ne, sp, el) is expressed as: 
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where, 2
effs is the electrolyte conductivity, 2f is the electric potential of the 
electrolyte, R is the gas constant, f is the activity coefficient for the salt, c2 is 
the salt concentration in the electrolyte, t+ is the transport number for Li+ (also 
called transference number). It should be noted that Eqs. (3.5) - (3.6) apply to 
the positive electrode (pe), negative electrode (ne) and separator (sp) because 
these regions are saturated with electrolyte.  
Liquid-junction potential is introduced in Eq. (3.5) by the expression 
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where ν is the thermodynamic factor relating to electrolyte activity, which is 
temperature and concentration dependent. 2f  is taken to be continuous at the 
inner boundaries (boundaries 2 and boundary 3), while its gradient is zero  at 
the external boundaries (boundaries 1 and 2), since there is no flux at these 
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3.1.2 Mass balance  
3.1.2.1 Solid phase 
The mass balance of lithium ions in an intercalation particle of elec-
trode active material is described by Fick’s law, the mass transport within the 
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where r is the distance from the center of the solid spherical particle, D1 is the 
lithium ion diffusivity in the solid phase.  
The lithium concentration at the surface of the particles, r=rp (where rp 
is the radius of the sphere), is coupled to the concentration and flux in the 1-D 
model for the charge and material transport in the electrolyte. The flux at the 
center of the spherical particle, r=0, is set to zero, because there is no species 
source. 
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3.1.2.2 Solution phase 
Solution phase material balance for LiPF6 dissolved in the liquid phase 
(pe, ne, sp, el): 
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where, 2e  is the porosity of the electrode material, D2 is the lithium ion diffu-
sivity in the solution phase. 
The flux of liquid species is set to zero at external boundaries (bounda-
ry 1 and 4), liquid species flux and species concentrations are taken to be con-
tinuous at inner boundaries (boundary 2 and 3). 
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3.1.3 Electrochemical kinetics  
The local current per active material area (pe, ne) is calculated using 
the Bulter-Volmer equation:    
, ,
, 0, exp exp
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(3.14) 
where, jloc,i is driven by overpotential, ηi, defined as the difference between 
solid and electrolyte phase potentials minus U, the thermodynamic equilibrium 
potential of the solid phase. 
1, 2 ,i i i iUh f f= - -  (3.15) 
where the equilibrium potential, U, is taken to be a function of the solid phase 
lithium ion concentration at the particle surface. The temperature-dependent 
open circuit potential of electrode i is approximated by Taylor’s first order ex-
pansion around a reference temperature: 
, ( ) ii ref i ref
dUU U T T
dT
= + -      (3.16) 
where Uref,i is the open circuit potential under the reference temperature Tref, 
idU
dT
 is the entropy of the electrode material.  
In Eq. (3.14), the exchange current density, j0,i, acts as a bridge con-
necting concentrations in both solid phase and liquid phase:  
( )0, 0, 2 1,max, 1, , 1, ,cc ai i i surf i surf ij Fk c c c c
aa a= -  (3.17) 
where k0,i is a reaction rate, considered temperature-dependent in this work. αa 
and αc are the anodic and cathodic transfer coefficients, respectively, c1,max is 
the maximum lithium ion concentration of the active material, c1,surf is the lith-
ium ion concentration at the electrode particle surface.  
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The outputs of the model are the cell potential, current density distribu-
tion, species and concentration distributions. The cell potential, E, is derived 
using the following expression: 
1 1 0n s px L L L x
E f f
= + + =
= -
 (3.18) 
3.2 Thermal energy balance  
There are 3 domains in the 2-D thermal model geometry in Fig. 3.1: 
(1) Battery core filled with electrolyte; (2) Battery body filled with battery ma-
terial (electrodes, current collectors and separator); (3) Metal can. There is 
heat generated in the battery body, but not in the battery core and metal can. 
The volume-averaged heat generation rate Qavg in the battery body, as shown 
in Fig. 3.1,  is the sum of the local heat generation from the electrochemical 
model, including reversible reaction heat generation Qrev (pe, ne), ohmic heat 
generation Qohm (pe, ne, cc, el, sp) and reaction heat due to active polarization 
Qrea (pe, ne). Heat generation in the current collectors is neglected because the 
electrical conductivities of the current collectors are significantly larger than 
those of the electrode materials so that heat generated in the current collectors 
is much smaller than that in the electrodes. 
Reaction heat due to active polarization is given by:                  
, , 1, 2,( )rea a i loc i i i iQ S j Uf f= - -                                      (3.19) 
Reversible reaction heat generation is given by：                           
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where the first term in Eq. 1.4 is the ohmic heating in the solid phase (pe, ne 
and cc), and the second and the third terms are the ohmic heating in the solu-
tion phase (sp, el, pe and ne). 
Hence, the volume-averaged heat generation rate is  
avg rev rea ohmQ Q Q Q= + +   (3.22) 
The energy balance of the 2-D geometry is shown as follows: 
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where r , pC  and k  are the volume averaged density, heat capacity and ther-
mal conductivity, respectively.  
According to Newton’s low of cooling and the law of radiation, the 
boundary condition for energy balance is expressed as:               
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where h is the lumped heat transfer coefficient, Tamb is the ambient tempera-
ture, and ε is the emissivity of the battery surface ( =0.8e  [15]).  
3.3 Capacity-fading 
The capacity of a lithium-ion battery is limited by the amount of active 
lithium [53]. The instability of the carbon negative (anode)/electrolyte inter-
face is suspected to be the source of active lithium loss. However, the loss is 
very slight in the positive electrode (cathode) [53]. This thesis focuses on pre-
dicting discharging performance and OCV of cycled battery in a simple way, 
so we incorporate only the dominant mechanism (active lithium loss) into the 
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model for cycle life prediction. The feasibility of such a simplification will be 
discussed later. Therefore, in this model, the change in the amount of active 
lithium (dominant mechanism) is expressed by varying the initial state of 
charge (SOC0,n) of the negative electrode to account for the battery capacity-
fading process.  
As mentioned above, Wang et al. [43] has provided a function of ca-
pacity-fading rate for a 26650 lithium iron phosphate cylindrical battery dur-
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In this work, the above function is integrated into SOC0,n to account for 
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where Ah is expressed as 
( ) ( ) ( )_ _ _hA cycle number DOD full cell capacity= ´ ´  (3.27) 
where, DOD is the depth of discharge. By imputing the cycle number N, 





4 Electrochemical-thermal cycle life model for lithium 
iron phosphate batteries 
4.1 Introduction 
Growing concerns have been expressed on the development of the lith-
ium-ion battery and its application in electrical vehicles (EVs) and hybrid 
electrical vehicles (HEVs). Manufacturers of both lithium-ion batteries and 
EVs need a better understanding of the lithium-ion battery capacity-fading 
mechanism, and have a major interest in predicting and extending the cycle 
life of lithium-ion batteries [87]. Many battery management systems use the 
battery open circuit voltage (OCV), which can be obtained by discharging the 
battery at a very low current, to predict the state of charge (SOC) of the battery 
[55, 56]. However, the OCV characteristic curve of the battery changes with 
battery capacity-fading, leading to inaccurate estimations of SOC for cycled 
battery if the estimation is based on the initial OCV characteristic curve. 
Hence, the prediction of the OCV characteristic curve of cycled batteries is 
necessary for a more accurate SOC estimation. The capacity-fading of lithium-
ion batteries is caused by several different mechanisms associated with side 
reactions, leading to electrolyte decomposition, passive film formation, active 
material dissolution, and other phenomena [42]. Recent investigations on lith-
ium iron phosphate batteries [53] reveal that battery capacity is affected by the 
battery temperature, depth of discharge (DOD) and operating current density. 
In order to verify the capacity-fading mechanisms and predict capaci-
ty-fading within battery, capacity-fading models (electrochemical models [42], 
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empirical correlations [43]; equivalent circuit models [44]) have been present-
ed by researchers. We are interested in electrochemical models and empirical 
correlations in this study. Electrochemical models incorporate capacity-fading 
governing equations to account for the capacity-fading effect of batteries using 
the first-principle model introduced by Doyle et al. [45]. Arora et al. [42] in-
corporated multiple capacity-fading mechanisms into the battery electrochem-
ical model, and suggested another model [46] considering the lithium deposi-
tion overcharge reaction only in lithium-ion battery with carbon-based nega-
tive electrode. The growth of SEI layer is also implemented into the electro-
chemical model. Many modeling efforts have been dedicated to study the ef-
fect of side reactions and the SEI layer on the battery performance and aging 
behaviour [47, 50]. Empirical correlations have been developed by fitting ca-
pacity-fading rate as a function of factors that affect the capacity-fading based 
on a large amount of experimental data. For example, Wang et al. [43] devel-
oped a cycle life model by fitting capacity-fading as a function of battery tem-
perature, current density and DOD based on comprehensive experimental data 
[53].  
Electrochemical models considering all the capacity-fading mecha-
nisms have been shown to be efficient in validating capacity-fading mecha-
nisms as discussed above, but for predicting the rate of capacity loss, it turns 
out to be tedious work and it is difficult to find out the proportion that each 
mechanism contributes to the battery capacity loss and to keep a balance 
among them [54]. Therefore, when the focus is on predicting the rate of capac-
ity loss, implementing only the dominant capacity-fading mechanism into the 
electrochemical model would be more efficient than incorporating all the 
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mechanisms. Empirical correlations [43] is straightforward in predicting the 
capacity-fading rate by fitting capacity-fading rate as a function of battery op-
erating conditions (such as temperature, current and DOD), however, such cor-
relations are incapable of predicting the corresponding battery discharging per-
formance and OCV characteristic curve (which is essential for SOC predic-
tion). In this work, we try to predict battery cycle life and battery discharging 
performance as well as OCV in one model by taking advantage of both the 
electrochemical modeling and the empirical correlations of battery cycle life.  
In order to take into account of the effect of temperature on capacity-
fading, the comprehensive electrochemical-thermal model developed in Chap-
ter 3 is used instead of simple electrochemical models used by other research-
ers. The capacity-fading mechanism is simplified such that the dominant 
mechanism (active lithium loss) is chosen to account for the overall capacity-
fading process.  Experimental results [53] and correlations [43] are incorpo-
rated into the electrochemical-thermal model, forming an electrochemical-
thermal cycle life model for lithium-ion batteries. The electrochemical-thermal 
performance of this model is validated by experimental data from the literature 
[88, 89], and the cycle life prediction is validated by experimental data from 
Wang et al. [43]. The feasibility of using the dominant mechanism to account 
for the overall capacity-fading process is verified and the effect of the operat-
ing temperature on capacity-fading rate is evaluated by the model. The model 
can be used for predicting discharging performance and OCV of cycled batter-
ies, and potential design consideration and capacity renovation methods are 
suggested and discussed.     
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4.2 Validation of model with experimental data 
In this section, the electrochemical-thermal cycle life model developed 
in this study is validated using experimental data from different experiments 
done by different researchers [43, 88, 89] with the same type of battery 
(26650C lithium iron phosphate battery, 2.3Ah). Details of the electrochemi-
cal-thermal model used here have been described in Chapter 3. The governing 
equations are solved using the finite element commercial software COMSOL 
MULTIPHYSICS® (Version 3.5a). 
4.2.1 Model parameters 
Model parameters are from manufacturer’s data, literature and estima-
tion. Parameters for a 2.3 Ah LiFePO4 battery are listed in Table 4.1 and 4.2, 
including design specifications, lithium ion concentration parameters, kinetic 
and transport properties and thermal properties. The kinetic reaction rate con-
stant at the reference temperature of the cathode (k0,p)  in Table 4.1 is estimated 
by matching the simulated discharge potential with experiment data. Specific 
heat capacity and density of the battery body in Table 4.2 are the volume-
averaged value of the electrode materials, current collectors and separator. 
Bulk thermal conductivity is experimentally measured to be 0.2 W m-1 K-1 ra-
ther than using the volume-averaged value because there are contact resistanc-
es which are difficult to measure at the interface between two different layers 







Table 4.1 Model parameters for the electrochemical sub-model of a 2.3Ah 
LiFePO4 cylindrical 26650 type battery  
 
 Anode separator cathode 
Design specifications (geometry and volume fractions) 
Acell (m2) 0.1694 [a] 
ε1,i 0.55 [a] ─ 0.43 [a] 
ε2,i  0.33 [a] 0.54 [a] 0.332 [a] 
Li (μm) 34 [a] 30 [a] 70 [a] 
Ri (μm) 0.0365 [a] ─ 3.5 [a] 
Lithium ion concentrations 
C20 (mol m-3) 1200 [a] 
Cmax,i (mol m-3) 31370 [b]  ─ 22806 [b]  
SOC0,i 0.8 [b] ─ 0.03 [b]  
Kinetic and transport properties 
αa,i, αc,i 0.5 ─ 0.5 
γi 1.5 1.5 1.5 
D2 (m2 s-1) Eq. (4.1) 
D10,i (m2 s-1) 3.9×10-14[c] ─ 1.18×10-18 [b] 
Ea,D,i  (kJ mol-1) 35 [d]  ─ 35[b]  
k0,i (m2.5 mol-0.5 s-1) 3×10-11[e]  ─ 1.4×10-12 [f] 
Ea,k,i (kJ mol-1) 20[g] ─ 30[b]  
σ1 (S m-1) 100[c] ─ 0.5[h] 
σ2 (S m-1)  Eq. (4.2)  
t+ 0.363[c] 
ν Eq. (4.3) 
Tref (K) 298.15 
F (C mol-1) 96487 
a manufacturer; b Ref. [88, 89]; c Ref.[90]; d Ref.[91]; e Ref.[92]; f estimate; 
g Ref.[93]; h Ref. [94] 
 
Table 4.2 Thermal properties for a 2.3Ah LiFePO4 cylindrical 26650 type bat-
tery 
 
Thermal properties ki (W m-1 K-1) ρi (kg m-3) Cpi (J kg-1 K-1) 
Anode 1.04[i] 2500[j] 800[j] 
Separator 1[i] 1200[j] 800[j] 
Cathode 1.48[i] 1500[j] 800[j] 
Cu 401 8900 3440 
Al 237 2700 2420 
Battery material 
Volume averaged 0.2[k] 2101 1014 
Electrolyte 0.6[l] 1130[l] 2055[l] 
Can 14[m] 7500[m] 460[m] 
i Ref.[95]; j Ref.[37]; k measure; l Ref.[17]; m Ref.[96].  
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4.2.1.1Temperature dependent parameters 
The data of lithium ion diffusivity in solution phase D2, electric con-
ductivity in solution phase σ2, and thermodynamic factor ν, are adopted from 
Ref. [97]. The solvent mixture for the commercial battery tested is unknown, 
but we assume that Eqs. (4.1) - (4.3) are applicable to this commercial battery 
and use these data in our calculation even though the solvent mixture of the 
battery might be different from that in [97]：  
 (4.1) 
4 5 2 4
2
5 8 2 7 2 10 2 2
1 10 ( 10.5 0.074 6.69 10 6.68 10
1.78 10 2.8 10 4.94 10 8.86 10 )
c T T c
cT cT c c T
s - - -
- - - -
= ´ - + - ´ + ´
- ´ + ´ + ´ - ´
 
(4.2) 
3 9 30.601 0.24 10 0.982[1 0.0052( 294.0) 10 ]c T cn - -= - + - -  (4.3) 
The temperature and concentration dependence of the diffusion coeffi-
cient of LiPF6 is fitted by Eq. (4.1) in Ref [97]. Data given in this reference 
indicate that the transport properties of LiPF6 in carbonate solvents are strong 
functions of c2 and T and much weaker functions of the specific carbonate sol-
vent mixture. In their measurement, the diffusion coefficients were extracted 
using the galvanostatic polarization method using the E-One Moli Energy 
charger system. The electric conductivity in solution phase given in Eq. (4.2) 
was fitted by Bernardi et al. [98] from experimental measurements of Ref [97] 
together with the experimental data from the work of Bernardi et al. [98]. The 
electrolyte conductivities were measured using an YSI model 35 conductance 
meter in Ref. [97]. The concentration range is varied from 0.8 to 1.4 M LiPF6, 
and the temperature is at 253, 273, 293, 313 and 333K in the measurement. 
The quantity ν given in Eq. (4.3) is related to the transfer number of the elec-
trolyte by the liquid junction potential in Eq. (3.7). The fitted data is reported 
454.04.43 2.2 104 229.0 0.005
2 1 10 10
c
T cD
-- - - ´- - -= ´
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in Ref. [97], and was determined from the potential response of a two-chamber 
cell with a small current load. Note that the values of c2 and T in this expres-
sion should be in units of mol L−1 and Kelvin, respectively, and the expression 
for D2 results in units of cm2 s−1. 
Diffusivity coefficients and reaction rate constants follow the follow-
ing Arrhenius formulas [12]:  
,
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  (4.8) 
4.2.1.2 Electrode thermodynamic properties: 
State of charge (SOC) of 6xLi C  negative electrode is: 
SOCn= x=c1,n/c1,max,n         (4.9 ) 
State of charge of 4yLi FePO positive electrode is: 
SOCp= y=c1,p/c1,max,p (4.10) 
The open circuit potential of negative electrode Un and positive elec-
trode Up shown in Fig. 4.1 are from Ref. [88]. Point B is the characteristic 
point of open circuit potential curve of the negative electrode (Un), DE is the 
effective SOC range of the positive electrode, and AC is the effective SOC 




Figure 4.1 Open circuit voltage of positive electrode (Up) and negative elec-
trode (Un) 
 
Lithium graphite entropy is from Ref. [94] : 
2
344.1347148exp( 32.9633287 8.316711484)










Lithium iron phosphate entropy is also from Ref. [94] : 
8 7 5 4 3
2 5
0.35376 1.3902 1.9635 0.98716 0.28857
0.046272 0.0032158 1.9186 10
pdU x x x x x
dT
x x -
= - + + - +
- + - ´  
(4.12) 
4.2.2 Validation results and discussion 
4.2.2.1 Electrochemical performance  
The electrochemical-thermal cycle life model is validated from the as-
pect of electrochemical performance. Experiment data of battery potential ver-
sus discharge capacity at different ambient temperatures (0 °C [43], 25 °C 
[88], 45 °C [43, 88], 60 °C [43]) with a C/2 current are compared with the 
simulation results. The good agreements in Fig. 4.2 show that this electro-
chemical-thermal cycle life model is able to simulate battery discharge per-









Figure 4.3 Different C_rate (C/10, 0.5C, 1C) charge validation at 45°C [13] 
 
 




To further validate the electrochemical performance during charge and 
discharge with different current densities, the simulation results are compared 
with the experiment data [88] of battery charged and discharged with different 
current densities (C/10, 1 /2C, 1 C) at 45 °C in Fig. 4.3 and Fig 4.4, respec-
tively. 
4.2.2.2 Thermal characterization  
Forgez et al. [89] experimentally measured the battery surface tem-
perature and center temperature during 6 C constant current charging-constant 
voltage charging-constant current discharging process (CC-CV-CC). To evalu-
ate the thermal performance of the electrochemical-thermal cycle life model, 
the current profile of Forgez et al. [89] is implemented into the model for sim-
ulation. The comparison of simulation results with experiment data is shown 
in Fig. 4.5.  
 
Figure 4.5 Surface temperature and center temperature of battery during 6C 
(CC-CV-CC) charge and discharge [89] 
 
The experimental data of temperature include the center temperature of 
battery measured by a thermocouple inserted into the center of the battery, and 
the surface temperature measured by a thermocouple stuck to the battery sur-
face [89]. Temperature decreases during the constant voltage charging period, 
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probably because there is lower heat generation rate during that period com-
pared to the constant current charging period and the constant current dis-
charging period. The simulation results agree well with experimental data dur-
ing the CC-CV-CC process, showing that this model is capable of predicting 
battery temperature.   
4.2.2.3 Capacity-fading validation  
The simulation results of discharge performance at different ambient 
temperatures and different cycle numbers are plotted in Figs. 4.6 and 4.7 to-
gether with the experiment data from Wang et al. [43]. As can be seen, the 
agreement between the experimental and simulation results is very good.  
 
Figure 4.6 Validation of capacity-fading at 45°C, 90% DOD, C/2, 45 oC [43] 
 
 
Figure 4.7  Validation of capacity-fading at 60°C, 90% DOD, C/2, 60 oC [43] 
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In the simulation, we assume that the dominant factor of capacity-
fading can represent the overall capacity-fading phenomenon, and we use the 
variation of SOC0,n alone to simulate the capacity-fading in the model for the 
sake of simplicity. Although the discharging characteristics of a cycled battery 
have been validated in the previous section, we still need to verify the feasibil-
ity of the assumption more clearly.  
As shown in Fig 4.8, the simulation result of the discharging potential 
at 0.5 C cycled 272 times at 45 °C matches very well with the experimental 
data. The characteristic point A nearly overlaps between simulation result and 
experiment data [43], and the discrepancy of the position of the characteristic 
point B between simulation result and experiment data is very slight. The dis-
crepancy of B may be due to our assumption of using the dominant factor to 
represent the overall capacity-fading phenomenon. However, as far as dis-
charging potential is concerned, the small discrepancy in discharging potential 
is acceptable.  
 





4.3 Results and discussion 
4.3.1 Prediction of OCV characteristic curves 
As far as the author is aware, almost all present BMSs assume that the 
OCV characteristic curve does not change with the number of cycles. This is 
mainly because of the tedium of obtaining such data, which can be experimen-
tally measured using a very low discharge current. With the availability of the 
accurate electrochemical-thermal model in this study, the effect of the number 
of cycles on the OCV characteristic curve can be easily generated. This is il-
lustrated in Fig. 4.9, where the model is used with a discharge current of 
1/50C. As can be seen, the OCV characteristic curve does vary significantly 
with the number of cycles. This confirms the importance of allowing for the 
effect of cycle number on the OCV characteristic curve in the BMS.   
 
Figure 4.9 Prediction of OCV at different cycles at 45 °C with 0.5C current 
 
4.3.2 Capacity recovering 
As shown in Fig. 4.10, due to the loss of active lithium in a 
used/cycled battery, for a fully discharged battery, the SOC of the positive 
electrode moves from E (the original position) to E1, and for a fully charged 
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battery, the SOC of the negative electrode moves from C (the original posi-
tion) to C1. 
 
Figure 4.10 Schematic of battery capacity-fading and recovering  
 
To recover the capacity of a cycled battery, there are two methods can 
be utilized. When the cycled battery is fully charged (point C1 in the negative 
electrode and point D in the positive electrode in Fig. 4.10), further charging is 
impossible since there is not further supply of lithium ions from the positive 
electrode to the negative electrode. Therefore, the first method is to discharge 
the positive electrode alone from D to D2, this discharging process can be con-
ducted by discharging the positive electrode with a lithium metal electrode 
(lithium metal electrode acts as lithium ion source for positive electrode). Af-
ter the process, the battery can be further charged, since there are more lithium 
ions in the positive electrode to transport to the negative electrode. The final 
condition of the fully charged battery is point D in the positive electrode and 
point C2 in negative electrode. The final condition of the fully discharged bat-
tery is point E2 in the positive electrode and point A in the negative electrode. 
The capacity before recovering is AC1, and after recovering is AC2, a capacity 
of C1C2 is recovered to the battery. The schematic setup of the recovering pro-
cess is shown in Fig. 4.11. A lithium metal electrode is connected in series 
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with the positive electrode current collector of the decapped battery to the ex-
ternal power supply. The lithium metal serves as a source of lithium ions and 
the electrolyte acts as a channel for lithium ions to transport to and insert into 
the positive electrodes. In this process, additional active lithium is supplied to 
the cycled battery.   
 
Figure 4.11 Schematic setup of recovering battery capacity by charging posi-
tive electrodes 
 
On the other hand, when the battery is fully discharged (the negative 
electrode at point A and the positive electrode at E1), the capacity is limited by 
the negative electrode that its SOC is 0 (point A) and cannot further provide 
lithium ions to insert into the positive electrode (Fig. 4.10). Therefore, another 
method for recovering battery capacity is to discharge the negative electrode 
alone to move point A rightward to A3, this process can be carried out by dis-
charging the negative electrode alone with a lithium metal reference electrode. 
After this process, the battery can be further discharged, since there are more 
lithium ions available now in the negative electrode to insert into the positive 
electrode. The final condition of the fully discharged battery can be point E3 in 
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the positive electrode and point A in the negative electrode. And the final con-
dition of the fully charged battery can be point D in the positive electrode and 
point C3 in the negative electrode. The battery capacity before recovering is 
AC1, and after recovering is AC3, and an additional capacity of C1C3 is recov-
ered to the battery. The schematic setup of the recovering process is shown in 
Fig. 4.13. 
 
Figure 4.12 Schematic setup of recovering battery capacity by charging nega-
tive electrodes 
 
Considering the safety issue in the recovering process of capacity fade, 
discharging the negative electrode of a fully-discharged battery will be a better 
choice than discharging the positive electrode of a fully-charged battery, be-
cause short circuits or other hazards will cause more serious safety problems 
for a fully-charged battery than fully discharged battery. As shown in Fig. 
4.13(a), the core of a cylindrical battery is filled with electrolyte, and a lithium 
metal rode electrode can be inserted into the core. This design is feasible espe-
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cially for battery with larger diameter. Discharging the negative electrode of a 
fully discharged battery may be realized by the setup sketched in Fig. 4.13 (b).  
 
Figure 4.13 Schematic setup of recovering cylindrical battery capacity by 
charging the negative electrodes 
 
4.3.3 Self-heating and temperature effect 
The capacity-fading rate is a function of temperature. The battery tem-
perature will be raised by the self-heating effect of the battery, leading to a 
higher temperature of the battery and a higher capacity-fading rate. The capac-
ity-fading rate can be expressed as [8]: 
exp ( )zaloss h
EQ B A
RT
-æ ö= × ç ÷
è ø  
(4.13) 
where the coefficient B decreases with increasing C_rate. However, it is diffi-
cult to quantitatively describe this relationship by using a simple mathematical 
correlation. The exponent z is almost constant at 0.55; while Ea decrease with 
increasing C_rate, and is fitted into a function of C_rate as follows [43]: 
31700-370.3 _aE C rate= ´  (4.14) 
64 
 
However, as a thermodynamic term, Ea is supposed to be a constant 
rather than a function of C_rate. The decreasing trend of Ea with C_rate in Eq. 
(4.14) is deduced to the lower T value used in the function. Wang et al. [43] 
used the battery surface temperature in Eq. (4.14), while the surface tempera-
ture may not be representative for the battery. Due to the high heat transfer 
coefficient around the battery surface in the experiment, the surface tempera-
ture of the battery is close to the ambient air temperature, especially for those 
conditions in which the ambient air temperature is higher [43], such as 25 °C 
or 45 °C, while the temperature within the battery differs a lot from the surface 
temperature and is difficult to measure.  
Simulation results (Fig. 4.14) of battery discharged at different C_rates 
at an ambient temperature of 45 °C, and heat transfer coefficient h of 70 W m-2 
K-1 show that the surface temperature of the battery is generally lower than the 
average temperature, and the difference between battery surface temperature 
and bulk average temperature increases with C_rate and the discharged capaci-
ty as shown in Fig. 4.14.  
 





Therefore, the battery surface temperature (Tsurface) underestimates the 
battery temperature. To better capture the influence of temperature on the ca-
pacity-fading, using the volume-averaged temperature as a characteristic tem-
perature will be a better choice, and the Ea in the capacity function is likely to 
be a constant at different discharging C_rates. In summary, the surface tem-
peratures used in in Wang’s [43] capacity-fading function underestimate the 
temperature effect on the capacity-fading rate. However, due to the difficulty 
of measuring, the easy available surface temperature is a compromised charac-
teristic temperature of the battery. 
4.4 Summary  
An electrochemical-thermal cycle life model is developed by imple-
menting the capacity-fading effect in the electrochemical-thermal model of a 
cylindrical lithium-ion battery. This model is able to simulate the discharging 
performance during different discharge cycles, predicting battery temperature, 
as well as predicting capacity loss after various cycles. The electrochemical-
thermal cycle model is comprehensively validated in various aspects and the 
simulation results well agree with experimental data.  
It is feasible to use the dominant factor to represent the overall capaci-
ty-fading of the battery for simplicity, and the accuracy of the simulation re-
sults of discharging potential is acceptable. The model can be used to predict 
the cycle-number-dependent OCV characteristic curves which are necessary 
for accurate estimation of SOC for a cycled battery. 
To recover the capacity loss of a cycled battery, additional lithium ion 
should be provided to the battery. Either discharging the negative electrode of 
a fully-discharged battery or discharging the positive electrode of a fully-
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charged battery, are possible methods to achieve active lithium compensation. 
Discharging the negative electrode of a fully-discharged battery will be a bet-
ter choice considering the safety issues. Some possible capacity recovering 
setups have been proposed.  
The temperature predicting capability is validated against the experi-
mental data of battery surface temperature and center temperature during 6 
C_rate constant current charging-constant voltage charging-constant current 
discharging (CC-CV-CC). The temperatures predicted by the model for differ-
ent C_rates show that the battery surface temperature underestimates the tem-
perature of battery. The decreasing trend of Ea with increasing C_rate can be 
attributed to the increasing battery temperature with increasing discharge 
C_rate. The half radius temperature or the volume-averaged temperature 
would be a better parameter to characterize the battery temperature and would 
be able to help better evaluate the effect of temperature on the capacity-fading 
rate. 
 
Results have been published in: 
Y Ye, Y Shi, AAO Tay; Electro-thermal cycle life model for lithium iron phos-




5 Simulation and evaluation of capacity recovery 
methods for spiral-wound lithium-ion batteries 
5.1 Introduction  
Lithium-ion batteries have been targeted for use in the automotive and 
space industries that demand exceptionally long calendar and cycle lives [25]. 
However, they still suffer from the problems of capacity loss and limited cycle 
life. The capacity-fading of lithium-ion batteries is caused by several different 
mechanisms associated with side reactions, leading to electrolyte decomposi-
tion, passive film formation, active material dissolution, and other phenomena 
[42]. In general, one of the most important reasons why batteries lose capacity 
and/or power capability is the loss of active lithium due to the formation of 
SEI (Solid Electrolyte Interface) layers [50, 51, 99-103]. When the amount of 
active lithium decreases during a battery’s calendar and cycle life, the cell ca-
pacity decreases accordingly [25].  
Much research has been done on extending the cycle life of batteries, 
and one novel method is to replenish the lost active lithium of cycled batteries. 
Wang et al. [25] proposed a method (called “bottom recovery” method) for 
extending the life of a LiFePO4/graphite lithium-ion battery by replenishing 
the lost active lithium during cell operation and concomitant capacity fade. 
Active lithium was inserted into the battery by discharging the positive elec-
trode (cycled battery with cap end removed) against a lithium metal electrode 
after the cycled battery has lost a significant amount of its capacity. About half 
of the lost capacity was recovered, and the cell was cycled for additional 1500 
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cycles [25] before failure. Though the work shows promise for the in situ reju-
venation of a lithium-ion battery, the replenishment employs a very low cur-
rent due to the tightly-wound jelly roll design of the cylindrical cell. Further 
development in engineering design of the battery is necessary to significantly 
reduce the replenishment time to enable its use in practical systems [25]. 
Another capacity recovery method (called “center recovery” method) 
which employs a lithium metal electrode inserted into the battery has been 
proposed in Chapter 4, although the feasibility of the method has not yet been 
verified. It is therefore interesting to evaluate the feasibility of this method us-
ing simulation and compare its performance with the bottom recovery method.   
Considering that the replenishment current is limited by the tightly-
wound jelly roll design of the cylindrical cell [25], and that the mass transfer 
in the liquid phase is restrained by the current collector foil, one may like to 
try using a porous current collector sheet which allows mass transfer across 
the current collector. Porous current collector sheets can be produced by either 
meshing [104] or sintering [105]. The major difference between a porous cur-
rent collector sheet and a normal current collector foil is that the mesh struc-
ture or porous structure offers channels for electrolyte transfer and charge 
transfer across the current collector. A porous current collector is expected to 
help increase the recovery current density and reduce the replenishing time.  
Simulations, rather than experimental testing, are done to verify this idea as no 
cylindrical lithium-ion battery with porous current collector sheets is commer-
cially available yet.  
The electrochemical modeling of batteries has long been a common 
and effective method to investigate the battery electrochemical performance 
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within batteries. A lumped-scale electrochemical-thermal model was presented 
in Chapter 3. The model assumed uniform electrochemical-thermal properties 
in the spiral battery area and adopted a 1-D electrochemical model to represent 
the battery electrochemical performance. Although this assumption has long 
been adopted by many researchers for simulations [8, 15, 58, 68, 106, 107], 
some other researchers [10] have found that the inhomogeneity of current den-
sity and SOC within the battery are severe under intense forced convection 
cooling. What is worse is that the inhomogeneity would deteriorate the elec-
trochemical performance of the battery and may accelerate the capacity loss of 
battery (reduce the cycle life of battery). Different from the lumped-scale elec-
trochemical-thermal model, a local-scale electrochemical-thermal model con-
siders the local distributed parameters, and couples the local electrochemistry, 
local transport phenomena and the local heat generation in spiral-wound ge-
ometries.  An example of a 2-D local-scale model was presented by So-
masundaram et al. [41]. The local-scale model provides detailed and accurate 
insights on the electrochemical and thermal characteristics albeit at a higher 
computational cost than the lumped-scale model. Hence the local-scale model 
will be used in this chapter on the study of different capacity recovery methods 
and the local distributing electrochemical behaviours.  
In order to improve the electrochemical-thermal performance and ex-
tend the cycle life of battery, great efforts have been put on the improvement 
of current collectors besides those on advanced electrode materials. Ding et al. 
[104] and Xu et al. [105] reported that better rate capability and longer cycle 
life can be achieved by applying the porous current collectors on lithium-ion 
battery. However, few researchers have looked into the spatial electrochemical 
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performance within this novel type of battery. The local-scale electrochemical-
thermal model can be an effective tool for providing detailed insights about 
the species transport phenomenon and electrochemical reactions within the 
battery with the porous current collectors.  
In this work, a local-scale electrochemical model for a spiral-wound 
lithium iron phosphate battery was developed. The developed model was em-
ployed for simulating a novel battery with porous current collector sheets as 
well as a commercial battery with normal current collector foils. Particularly, 
the center recovery method and the bottom recovery method were simulated 
for both a commercial battery with normal current collector foils and a novel 
battery with porous current collector sheets. Comparisons are made on the per-
formance of the two different recovery methods for different batteries on the 
basis of SOC (state of charge, actual lithium ion concentration over maximum 
lithium ion concentration) evolution, SOC distribution, and discharging poten-
tial. The model was also employed in the study of “edge effects (refer to sec-
tion 5.4.8)” of porous current collector sheets. 
5.2 Model development 
5.2.1 Center recovery by inserting lithium metal electrode into the center 
of the battery 
5.2.1.1 Commercial lithium-ion battery with normal current collector foil 
The objective of the simulation is to verify the feasibility of the battery 
capacity recovery method proposed in Chapter 3 [58] and to investigate the 
edge effect of the spiral-wound geometry in the battery. In this method, a lithi-
um metal rod is inserted into a cycled battery with its cap-end removed. The 
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lithium metal electrode is immersed in the electrolyte and acts as a source of 
lithium ion for replenishing the battery electrodes.  
A commercial spiral-wound cylindrical 26650 lithium-ion battery (Fig. 
5.1(d), O.D. 26 mm, height 65 mm) is simulated using the local-scale electro-
chemical model. In the model, each functional layers of the spiral-wound bat-
tery (including positive electrode (pe), negative electrode (ne), current collec-
tor (cc), and separator (sp), as shown in Fig. 5.1(b)) were presented in different 
calculation domains. Fig. 5.1(a) shows a schematic of the spiral-wound geom-
etry of the cylindrical 26650 battery. The multi-layer functional structure of 
the battery is shown in Fig. 5.1(b). Electrode materials are coated on both 
sides of the current collector foils (Cu for the negative and Al for the positive 
electrode) and separators are put in between the positive and negative elec-
trodes. The thickness is 70 μm and 34 μm for cathode and anode, respectively. 
The boundaries of the multi-layer structure are labeled from B1 to B8. The 
number of windings of the battery is 32 for the 26650 cylindrical battery. 
 
Figure 5.1 Schematics of the calculation domains for battery capacity recover-
ing model, (a) Calculation domains; (b) Battery; (c) Boundaries 
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The calculation domain is simplified to be two-dimensional (polar co-
ordinates), on the cross-section (A-A) of the battery (Fig. 5.1(b)). Firstly, the 
effect of current collector tabs is neglected referring to the work by So-
masundaram et al. [41] (there are 4 current collector tabs for each current col-
lector foil in the commercial 26650 cylindrical battery). In the model, the cur-
rent is considered to enter the battery as a bulk source in the positive current 
collector foil, and the negative current collector is grounded at boundary B7. 
The assumption is also adopted as the “continuous tab” condition in the work 
of Lee et al. [108].  
A lithium metal domain is at the center of the battery, and electrochem-
ical kinetics (Eqs. (5.1) to (5.3)), of the lithium metal electrode is applied on 
the interface B0 between the lithium metal domain and the electrolyte domain, 
as shown in Fig 5.1: 
( ) 22 2 2
2 2








= -Ñ + + - =
¶
 (5.1) 





a h a h-
= -  
(5.2) 
1 2 ,ref lithiumUh f f= - -  (5.3) 
Where jloc is the local current density, j0 is the exchange current density (of 
magnitude 12.6 A m-2 [45]), h  is the over potential, 1f  is the potential of the 
solid surface (lithium metal), 2f  is the liquid phase potential, and ,ref lithiumU  is 
the equilibrium potential of lithium metal, which is set to zero in the model.  
Governing equations and boundary conditions (electronic charge, ionic 
charge and mass balance) for the calculation domains of the spiral-wound ge-
ometry are listed in Table 5.1 and Table 5.2, respectively. 
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Table 5.2 Boundary conditions for electronic charge, ionic charge and mass 
balance  
 
Boundary Electronic charge, 1f  Ionic charge, 2f  Mass balance, 2c  
B0 0V Insulated Impermeable 
B1 Insulated Continuity Continuity 
B2 Continuity Insulated Impermeable 
B3 Continuity Insulated Impermeable 
B4 Insulated Continuity Continuity 
B5 Insulated Continuity Continuity 
B6 Continuity Insulated Impermeable 
B7 Continuity Insulated Impermeable 
B8 Insulated Continuity Continuity 
 
The capacity recovery is realized by discharging either the positive 
electrode or the negative electrode of the battery against the lithium metal 
electrode. In the simulation, a uniform current source is applied on the positive 
current collector or the negative current collector. In the spiral-wound geome-
try, the current is considered to be entering the battery as a bulk source in the 
positive current collector. The effect of current collector tabs, which was ne-
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glected in the work of Somasundaram et al.[41], is also neglected in this study 
(there are 4 current collector tabs for each current collector foil). 
5.2.1.2 Spiral lithium-ion battery with porous current collector sheet 
A porous current collector sheet can be produced either by meshing 
[104] or by sintering [105]. The major difference between porous current col-
lector sheet and normal current collector foil is that the mesh structure or po-
rous structure offers channels for electrolyte transfer and charge transfer 
across the current collector.  
The electrochemical model for a battery with normal current collector 
foils has been presented in Table 5.1, while in the case of the novel battery 
with porous current collector sheets, due to the porous structure of the current 
collectors, Eqs. (5.5) and (5.7) are employed on the current collectors for the 
charge and mass balances through the pores. The boundary conditions at the 
interfaces between porous electrodes and current collectors (B2, B3, B6, B7) 
for ionic charge are changed from “insulated” to “continuity’, and mass bal-
ances are changed from “impermeable” to “permeable” in Table 5.2. Standard 
Bruggemann corrections [109] for tortuosity are employed for the correction 
of the conductivity and diffusivity of the electrolyte as well as the conductivity 
of the current collectors, as shown in Eqs. (5.9) - (5.11), respectively. These 
corrections are the same as those we have employed on the porous electrodes 
because of their similar porous structure.  
2
2 2 2
eff gs s e=  (5.9) 
2
2 2 2
effD D ge=  (5.10) 
1
1 1 1
eff gs s e=  (5.11) 
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5.2.2  Bottom recovery method with battery cap-end removed 
The battery capacity recovery method proposed by Wang et al. [25] is 
to discharge the positive electrode against an external lithium metal electrode 
with the battery cap end removed as shown in Fig. 5.2(a), and this method is 
therefore called the bottom recovery method in this study. In the simulation, 
the lithium-ion battery is simplified as a 2-D geometry with points A and B 
corresponding to the top end of battery, and points C and D corresponding to 
the bottom end of the battery. A piece of lithium metal immersed in the elec-
trolyte is used to provide active lithium to one of the two electrodes during 
replenishment.  
 
Figure 5.2 Schematic of battery capacity recovering model, bottom recovering 
with cap end removed, (a) Set up; (b) Calculation domains 
 
The governing equations and boundary conditions for this model are 
the same as those of capacity recovery for commercial lithium-ion battery with 
normal current collector foils, Eq. (5.4) - (5.8), as shown in Table 5.1. Electro-
chemical kinetics for the lithium metal electrode is applied on the interface 
between the lithium metal electrode and the electrolyte (Eqs. (5.1) - (5.3)).  
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It is clear from Fig. 5.2(b) that the current collector does not affect the 
discharging process of the positive electrode or the negative electrode, that is, 
the introduction of porous current collector sheets makes no difference in the 
bottom recovery method. In the bottom recovery method, lithium ions are 
transported along the vertical direction (from bottom to top of the battery), 
while the channels provided by the porous structure of the porous current col-
lector sheets do not improve the transport performance of lithium ions. In this 
study, simulations are done for the bottom recovery method both on a com-
mercial battery and a novel battery. Since the results are the same, the simula-
tion results for the bottom recovery method on the novel battery are not pre-
sented here.  
5.2.3 Model parameters 
Since the electrochemical model is developed for the same type of lith-
ium-ion battery (26650 cylindrical LiFePO4 battery) in Chapter 4 [58] and the 
work of Wang et al.[25, 43], the model parameters are identical to those pre-
sented in the lumped-scale electrochemical-thermal cycle life model described 
in Chapter 4 [58]. For the sake of simplicity, model parameters are not shown 
again here, one can refer to Chapter 4 for details.  
In the electrochemical model for spiral-wound lithium-ion battery with 
porous current collectors, the porosity of the current collectors are assumed to 
be 0.54, that is, 1 2 0.54e e= = . Though there is no data available for commer-
cial porous current collectors, we took this value from the experimental data of 
Xu et al.[105]. 
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5.3 Case study 
In this study, the same case in the experimental test by Wang et al. [25] 
is simulated. In the experiment of Wang et al., the commercially available 2.2 
Ah, 26,650 cylindrical cells (A123System Inc.) were cycled using Arbin BT-
2400 system at 45 oC to introduce capacity fade. During each cycle, the cell 
was charged to a maximum voltage of 3.6 V at C/2 rate followed by constant 
current charging until the current was less than 0.1 A. A capacity of 1.6Ah, 
which corresponds to 80% depth-of-discharge, at a rate of C/2 was used for 
the discharge cycle. The End-of-Life of the cycled battery is defined as when 
the battery has lost 30% of its initial capacity [25].  The battery is opened at 
the bottom and immersed into an electrolyte solution of 1 M LiPF6 in 
EC/DMC (1:1). The positive electrode of the cycled battery is discharged 
against the lithium metal electrode with a constant current of 0.5 mA while the 
graphite anode is idling. The positive electrode is kept discharged until the 
discharged capacity reaches 200 mAh, the battery is then set at rest for 24 h to 
allow for lithium ion diffusion within the cell [25]. Different cases are simu-
lated as follows.  
5.3.1  Center recovery for commercial battery with normal current col-
lector foils 
The center recovery method proposed in Chapter 4 is a conceptual de-
sign, and it is of great interest to evaluate the feasibility of this method. In the 
simulation, the positive electrode of the cycled battery is discharged against a 
lithium metal electrode inserted into the battery center with 0.5 mA current 
supply. The discharging potential, liquid phase concentration and liquid phase 
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potential during the capacity recovery process will be simulated and evaluated 
so as to verify the feasibility of this center recovery method. 
5.3.2  Center recovery for novel battery with porous current collector 
sheets 
As mentioned in the Section 5.1, a novel battery with porous current 
collector sheets allows the liquid phase conduction and diffusion across the 
current collectors because of the porous structure of the porous current collec-
tor sheets. It is interesting to investigate whether the novel battery performs 
better in the capacity recovery process. In this attempt, capacity recovery ap-
plying 0.5 mA discharging current on the positive electrode of the novel bat-
tery is performed to compare with the recovery performance on the commer-
cial battery. After that, the recovery current is increased to 5 mA and 50 mA to 
further evaluate the performance of center recovery method on the novel bat-
tery with porous current collector sheets.  
5.3.3  Bottom recovery for commercial battery and novel battery 
The bottom recovery method proposed by Wang et al. [25] discharges 
the positive electrode of a cycled battery against a lithium metal electrode with 
0.5 mA current, which is quite small and requires a long time (400 h for 200 
mAh capacity recovery) for the recovery process. In this simulation, we would 
like to see if the bottom recovery method can employ higher recovery currents 
so as to reduce the recovery time required. The recovery current is increased to 
5 mA and 50 mA, and similar to the previous simulation, the discharging po-




5.3.4  Center recovery and bottom recovery by discharging the negative 
electrode 
Similar recovery processes can be performed on the negative electrode 
by discharging the negative electrode against a lithium metal electrode so as to 
replenish the active lithium into the cycled battery. Different discharging cur-
rents varying from 0.5 mA to 50 mA are applied on the negative electrode in 
both center recovery method and bottom recovery method so as to compare 
with those recovery methods involving discharging of the positive electrodes.  
5.4 Results and discussion  
5.4.1  Comparison of center recovery on commercial battery and novel 
battery 
The simulation results of solid surface SOC evolution, solid surface 
SOC distribution at the end of discharging and the discharging potential are 
shown in Figs. 5.3-5.5, respectively.  
In Figure 5.3, the state of charge for the novel battery (with porous cur-
rent collector sheets) increases gradually both at the inner winding (hollow 
circle) and the outer winding (solid circle), however, the state of charge for the 
commercial battery (with normal current collector foil) at the inner winding 
(hollow square) rises much faster than the outer winding (solid square) and 
reaches the maximum state of charge (SOC=1) before the recovery is com-
pleted. The rapid rise of the state of charge for the commercial battery is due 
to the long transfer path of lithium ions. Since the aluminum foil and copper 
foil are impermeable, lithium ions have to transfer through the long passage 
sandwiched by the foils. This results in a higher lithium ion concentration at 
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the inner winding than the outer winding which is far away from the lithium 
ion source (the centre of the cylinder). A more detailed explanation will be 
presented in Section 5.4.5. 
 
Figure 5.3 Comparison of solid surface SOC evolution during capacity recov-
ering between center recovering for commercial battery and novel battery 
 
The solid surface concentration at the terminal points of boundary B2 
in the process of capacity recovery for a commercial battery with normal cur-
rent collectors shows that the solid surface concentration reaches the maxi-
mum value (corresponding to SOC=1), and severe concentration gradient is 
found near the innermost terminal point as shown in Fig. 5.4.  
 
Figure 5.4 Comparison of solid surface concentration distribution during ca-




The discharging potential drops sharply before the recovered capacity 
reaches 50 mAh, far less than the targeted 200 mAh. A discharging current of 
0.5 mA is too small for a practical recovery process, as the corresponding re-
covery time for a capacity of 200 mA is 400 h which is unacceptable. It is im-
practical to further lower the discharging current to mitigate the concentration 
inhomogeneity. 
Fortunately, it is great to see much better recovery performance on the 
novel battery with porous current collector sheets. In the case for the novel 
battery with porous current collector sheets, with a discharging current of 0.5 
mA, a much lower maximum concentration (SOC of 0.07 as compared to 1 as 
shown in Figs. 5.3-5.4) and better concentration uniformity are detected. The 
discharging potential experiences a moderate drop in the recovery process as 
shown in Fig. 5.5.  
 
Figure 5.5 Comparison of potential during capacity recovering between center 
recovering for commercial battery and novel battery 
 
We may draw the conclusion that center recovery for commercial bat-
teries with normal current collector foils is impractical, while it is promising to 
apply the center recovery method to novel batteries with porous current collec-
tor sheets.  
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5.4.2 Center recovery on novel battery with varying discharging current 
As discussed previously, the time for recovering 200 mAh capacity in-
to the battery is 400 h when using a 0.5 mA discharging current. One may be 
interested in reducing the recovery time by applying higher discharging cur-
rents. In the simulation, the discharging current is varied from 0.5 mA, to 5 
mA and 50 mA. Once again, the solid surface concentration evolution, solid 
surface concentration distribution and the discharging potential are analyzed.  
As shown in Fig. 5.6-5.7, it is apparent that a 0.5 mA discharging cur-
rent generates the smallest solid concentration gradient along boundary B2, 
and the maximum SOC is around 0.07, while the maximum SOC for 5 mA and 
50 mA discharging currents almost reach the upper limit of SOC=1. The dis-
charging potential experiences a significant drop with a 50 mA discharging 
current as shown in Fig. 5.8.  
 
Figure 5.6 Solid surface concentration evolution of center recovering for novel 




Figure 5.7 Solid surface concentration distribution of center recovering for 
novel battery with different recovering current 
 
 
Figure 5.8 Potential evolution of center recovering for novel battery with dif-
ferent recovering current 
 
The total recovery time should be considered as the sum of discharging 
time and relaxation time. The relaxation time is the period required for the bat-
tery to reach an equilibrium state after discharging. The recovery time is 
1.6×106 s for a 0.5 mA discharging current, and is more than 2.0×106 s for a 5 
mA discharging current. However, the recovery time for a 50 mA discharging 
current is 5.0×105s which is significantly shorter than the above two. It should 
be noted that a high discharging current can lead to extremely high maximum 
solid surface concentrations (Fig. 5.6) and severe solid surface concentration 
gradients (Fig. 5.7). Thus a high discharging current may be detrimental to the 
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battery and unfavorable for the recovery process. It can also be seen from Fig. 
5.7 that a higher discharging rate will cause greater SOC inhomogeneity alt-
hough it does not necessarily increase the relaxation time. Therefore, a dis-
charging current corresponding to the minimum recovery time is not always 
the best choice to achieve the best recovery performance. The selection of an 
optimum discharging rate should keep a balance between SOC inhomogeneity 
of the electrode material and the recovery time.  
5.4.3 Bottom recovery on the commercial/novel battery with varying dis-
charging current 
The simulation results for the bottom recovery method with varying 
discharging currents are shown in Fig. 5.9-5.11. The recovery time for a 5 mA 
discharging current is 1/10 of that for a 0.5 mA discharging current (Fig. 5.9), 
but the total recovery time which includes the relaxation time is almost the 
same between 5 mA and 0.5 mA discharging currents. The solid surface con-
centration distribution (Fig. 5.10) follows the same trend as that for center re-
covery, that is, concentration gradient increases as the discharging current in-
creases. 
 
Figure 5.9 Solid surface concentration evolution of bottom recovering with 




Figure 5.10 Solid surface concentration distribution of bottom recovering with 
different recovering current 
 
The simulation is cut off when the maximum SOC of the electrode 
reaches 1, so the simulation for the 50 mA bottom recovery process is not 
completed, and as shown in Fig. 5.11, the discharging potential drops sharply 
to 2.5 V before the 200 mAh recovery is completed. When comparing the cas-
es of 50 mA recovery between center recovery and bottom recovery, Fig. 5.6-
5.11, we find that the center recovery method for novel batteries with porous 
current collector sheets performs much better than the bottom recovery meth-
od. This conclusion may be further verified in the following detailed compari-
son between center recovery and bottom recovery.  
 





5.4.4 Comparison between center recovery and bottom recovery on the 
novel battery (at 0.5 mA current) 
Comparisons of SOC evolution, SOC distribution, and discharging po-
tential between the center recovery method for novel batteries with porous 
current collectors and the bottom recovery method are shown in Figs. 5.12-
5.14, respectively. The results show that the center recovery method gives rise 
to moderate SOC gradients (Fig. 5.13), smaller maximum SOC (Fig, 5.12), 
and gradual potential drops (Fig. 5.14).  
The relaxation time for center recovery for novel batteries is much less 
than that for bottom recovery. The solid surface lithium ion concentration is 
much more uniform in center recovery than that in bottom recovery. Potential 
drop for center recovery is also smaller than that for bottom recovery. We may 
conclude that center recovery is more effective than bottom recovery in terms 
of both SOC distribution and recovery time. 
 
Figure 5.12 Comparison of solid surface concentration evolution between bot-





Figure 5.13 Comparison of solid surface concentration distribution between 




Figure 5.14 Comparison of potential evolution between bottom recovering and 
center recovering for battery with porous current collector 
 
5.4.5 Analysis on lithium ion transport path 
The different performance of different recovery methods on different 
types of batteries is presumably due to the difference in lithium ion transport 
paths. The liquid potential gradient and liquid phase concentration gradient are 
much larger in commercial batteries with normal current collector foils than 
those in novel batteries with porous current collector sheets as shown in Figs. 
5.15-5.16. The reason is that the pores in the porous current collector sheet 
offer paths for liquid phase transportation and ionic conduction, which is 
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straightforward to see from the electrolyte current density vectors shown in 
Fig. 5.17. Consequently, the distance for liquid transportation from the center 
of the battery to the battery casing is the radius of the battery, R. For the bat-
tery with normal current collector foils, the transport path is the passage sand-
wiched by two spiral-wound current collector foils, and the length of the 
transport path is the length of the current collector Lspiral. For a clear view of 
this transport path, readers can refer to the length of boundary B4 in Fig. 5.1.  
 
Figure 5.15 Comparison of liquid potential between center recovering for bat-
tery with normal current collector and battery with porous current collector 
 
 
Figure 5.16 Comparison of liquid concentration between center recovering for 




Figure 5.17 Comparison of electrolyte current density vectors between center 
recovering for commercial battery and novel battery 
 
For the bottom recovery method suggested by Wang et al. [25], the 
transport path for the liquid phase is also the space sandwiched between cur-
rent collector foils, while the direction is from the bottom end to the top end of 
the battery. Therefore, the transport path is the height of the battery, H.  
 
Figure 5.18 Comparison of liquid path of battery with commercial battery and 
novel battery 
 
Take the 26650 cylindrical battery for example, as shown in Fig. 5.18, 
we find that the transport path for liquid in the case of center recovery for a 
commercial battery with normal current collector foils is 1.45 m (Lspiral), that 
for center recovery for a novel battery with porous current collector sheets is 
0.013 m (R), and that for bottom recovery is 0.065 m (H). The comparison of 
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transport paths shows clearly why center recovery of batteries with normal 
current collector foils is impractical, and why center recovery of novel batter-
ies with porous current collector sheets is superior to bottom recovery. 
5.4.6 Comparison between positive electrode recovery and negative elec-
trode recovery on the novel battery (center recovery at 5mA) 
Besides recovery by discharging the positive electrodes of the battery, 
recovery of capacity by discharging the negative electrodes of the battery was 
also suggested in Chapter 4. It is also of interest to investigate the feasibility of 
the method and to compare its recovery capability with that of discharging the 
positive electrode.  
For modeling the recovery process of discharging negative electrodes, 
a current source is applied on the negative current collectors. The simulation 
results for solid surface lithium ion concentrations are shown in Fig. 5.19.  
 
Figure 5.19 Comparison of solid surface concentration of center recovering on 
novel battery between by discharging negative electrode and by discharging 
positive electrode 
 
It is apparent that the concentration is more uniform than that for re-
covery with positive electrode discharging. The relaxation time is also much 
less and the battery reaches the equilibrium state much faster. Thus, capacity 
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recovery by discharging the negative electrode is better than by discharging 
the positive electrode in terms of both SOC distribution and recovery time. 
The reason for this phenomenon appears to be due to the higher reaction rate 
and better lithium ion diffusion in the negative electrode compared to those in 
the positive electrode. For the 26650 lithium iron phosphate battery in this 
study, the diffusivity of the negative electrode (3.9×10-14) is much higher than 
that of the positive electrode (1.18×10-18), leading to a higher local reaction 
rate constant of 3×10-11 for the negative electrode compared to 1.4×10-12 for 
the positive electrode. 
5.4.7 Comparison between positive electrode recovery and negative elec-
trode recovery on the commercial/novel battery (bottom recovery at 
5 mA) 
Similar results are found in the case of bottom recovery between dis-
charging positive electrodes and discharging negative electrodes (Fig. 5.20).  
 
Figure 5.20 Comparison of solid surface concentration evolution of bottom 
recovering between by charging negative electrode and by charging positive 
electrode 
 
Though there is no significant difference in the total recovery time, 
much larger maximum concentration is found in discharging the positive elec-
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trode than in discharging the negative electrode (SOC=0.95 as compared to 
SOC=0.5).  
Capacity recovery by discharging the negative electrode shows better 
performance in lower maximum SOC and shorter total recovery time than re-
covery by discharging the positive electrode. One important aspect to point out 
is that, lithium deposition would occur at the negative electrode during over-
charging [46], and it has been shown that negative electrodes (graphite or car-
bon) experience a higher risk of lithium deposition during over discharging 
than positive electrodes [42, 99]. Nevertheless, overcharging of positive elec-
trodes may also cause solvent oxidation which accelerates capacity loss of the 
battery. So the recovery current should be carefully chosen to avoid high max-
imum SOC of the electrode material during the recovery process.   
5.4.8 Edge effect of spiral-wound geometry  
 
Figure 5.21 Schematics of normal method and improved method for spiral-




As shown in Fig. 5.21(a)-(b), the inner and outer ends of the spiral-
wound geometry are exposed to the liquid electrolyte in the core and in the 
gap between the spiral-wound geometry and the outer can. The edges are ex-
pected to give rise to localized effects and deviations from the average behav-
iour, which is called as “edge effect” in this study. Although the lumped-scale 
electrochemical-thermal model performs well in the prediction of global prop-
erties, the local-scale electrochemical-thermal model has an advantage over 
the former in the prediction of detailed, local resolution of electrochemistry, 
transport phenomenon within the battery. Therefore, we employ the local elec-
trochemical-thermal model here to simulate the novel battery with porous cur-
rent collector sheet in this study.  
 
Figure 5.22 Solid surface lithium ion concentration distribution at the end of 
discharging of a commercial battery produced by normal method 
 
In the manufacturing process of a commercial spiral-wound battery, 
some manufacturers use the “normal method” as shown in Fig. 5.21(a) and (c). 
Batteries fabricated with this method would encounter the edge effect as intro-
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duced above. In the discharging process, the lithium ion concentration in the 
positive electrode material increase from low to high, but it is clear to see from 
Fig. 5.22 that the inner end of the positive electrode material has significantly 
lower lithium ion concentration than the main bulk of the positive electrode at 
the end of discharging, in other words, the inner end is nonfunctional, so is the 
outer end of the negative electrode.  
Consequently, the edge effect causes a waste of electrode material, and 
may also deteriorate the performance of the battery. Take the inner end of the 
positive electrode as an example, the lithium ion concentration increases in the 
main bulk of the positive electrode, decreasing the electrode potential, while 
the lithium ion concentration at the inner end remains unchanged, and the 
electrode potential at the edge keeps a high voltage. As a result, the difference 
in electrode potential may cause current density mal-distribution in the elec-
trode which may be harmful for the battery.    
 
Figure 5.23 Solid surface lithium ion concentration distribution at the end of 
discharging of a commercial battery produced by improved method 
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In view of the edge effect, an “improved method” is employed by some 
other manufacturers to avoid the waste of electrode materials. In the method as 
shown in Fig. 5.21(b) and (d), the inner end and outer end are uncoated. The 
resulting solid surface concentration distribution on the electrodes is shown in 
Fig. 5.23, from where we can see much more uniform lithium ion concentra-
tion distribution at the edges.  
Although the “improved method” increases the utilization rate of elec-
trode materials, it has the drawbacks of increasing fabrication work and cost. 
Considering the advantages and the drawbacks, the manufacturers may need to 
seek for a better solution. It is interesting to see that the novel battery with po-
rous current collector sheet has a moderate edge effect even when using the 
“normal method” as shown in Fig. 5.24.  
 
Figure 5.24 Solid surface lithium ion concentration distribution at the end of 
discharging of a novel battery produced by normal method 
 
Due to the transport path provided by the pores in the current collector 
and the resulting liquid phase concentration distribution and the potential dis-
tribution, the lithium ion concentration distributions in the porous electrodes in 
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the novel battery (Fig. 5.24) are more uniform than those in the commercial 
battery with normal current collector foils (Fig. 5.22).  
Clearer views of the lithium ion concentration distribution in the posi-
tive electrode (Boundary B2, Fig. 5.1(c)) and in the negative electrode 
(Boundary B7, Fig. 1(c)) at the end of discharging are shown in Fig. 5.25 and 
5.26, respectively.  
 
Figure 5.25 Comparison of edge effect on solid surface concentration of posi-




Figure 5.26 Comparison of edge effect on solid surface concentration of nega-




For the commercial battery, the innermost winding of the positive elec-
trode and the outermost winding of the negative electrode are nonfunctional. 
Electrode materials in these two positions are wasted because they do not con-
tribute to the capacity of the battery. On the contrary, for the novel battery em-
ploying porous current collectors, the concentrations at both the inner end of 
positive electrode and outer end of negative electrode are much closer to the 
main bulk of the electrodes than those of the commercial battery using normal 
current collector foils. That is to say, the novel battery has a much higher elec-
trode material utilization rate using the “normal method” and thus can avoid 
the extra fabrication work and cost of the “improved method”. 
For a commercial battery and a novel battery produced using the 
“normal method”, comparisons of liquid potential distribution and liquid phase 
concentration distribution across the multi-layer geometry are shown in Fig. 
5.27 and Fig. 5.28, respectively.  
 
Figure 5.27 Comparison of liquid concentration distribution at the end of dis-






Figure 5.28 Comparison of liquid potential distribution at the end of discharge 
between a commercial battery and a novel battery produced by normal method 
 
There are two concentration spots at the terminal point of the spiral-
wound geometry in the commercial battery (similar phenomenon can be found 
from the simulation results of Somasundaram et al. [41]), as can be seen in 
Fig. 5.27(a), while there is moderate liquid phase concentration gradient in the 
spiral-wound geometry in the novel battery (Fig. 5.27(b)). A lower maximum 
concentration and a high minimum concentration are found in the spiral-
wound geometry of the novel battery as shown in Fig. 5.27(b). Similar to the 
concentration distribution, in the liquid phase potential distribution, large po-
tential gradients are found at the terminal points of the spiral geometry in the 
commercial battery, and lower maximum liquid phase potential and higher 
minimum liquid phase potential are found in the novel battery, as shown in 
Fig. 5.28. Accordingly, the novel battery has a more uniform performance 




5.5 Summary  
In this work, a local-scale electrochemical model was developed for a 
spiral-wound lithium-ion battery to provide detailed insights of electrochemis-
try, transport phenomenon and heat generation in spiral-wound battery geome-
tries. The electrochemical model was employed for the study of capacity re-
covery methods for cycled batteries and the edge effect of the spiral-wound 
geometry of a cylindrical battery.  
Simulations are done to study the feasibility and effectiveness of the 
capacity-recovery method, which is proposed in Chapter 4, by discharging the 
positive electrode or the negative electrode against a lithium metal electrode 
inserted into the center of the cycled battery. Simulation results show that the 
center recovery method is not applicable for commercial batteries with normal 
current collector foils due to severe concentration gradients in the spiral ge-
ometry, and significant potential drops during capacity-recovery. However, the 
center recovery method shows much better performance on novel batteries 
with porous current collector sheets in terms of the SOC uniformity and the 
recovery time. The differences in performance between the various recovery 
methods are found to be mainly due to the differences in the lithium ion 
transport paths. The shorter the lithium ion transport path, the better the recov-
ery performance. 
The capacity recovery process can be realized either by discharging the 
positive electrode or by discharging the negative electrode. The simulation re-
sults in this study indicate that the performance after recovery by discharging 
the negative electrode is better than that by discharging the positive electrode 
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in terms of both SOC uniformity and recovery time, due to higher lithium ion 
diffusivity in the negative electrode material.  
The electrochemical model was also employed to the study of the edge 
effect of the spiral-wound geometry within the battery, and simulation results 
show that there are large gradient spots at the terminal points of the spiral ge-
ometry of a commercial battery produced by the “normal method”, and the 
innermost winding of the positive electrode and the outermost winding of the 
negative electrode of the spiral geometry of the commercial battery were 
found to be nonfunctional. It was also found that there was a moderate edge 
effect on the novel battery with porous current collector sheets, and a moderate 
concentration distribution and liquid phase potential distribution. The novel 
battery produced by the “normal method” has a much higher electrode materi-
al utilization rate at the inner end and outer end of the spiral-wound geometry.  
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6 Effect of thermal contact resistances on fast charg-
ing of large format lithium-ion batteries 
6.1 Introduction 
In recent years, large format lithium-ion batteries have caught consid-
erable attention for applications in electrical vehicles and hybrid electrical ve-
hicles which demand a high-energy and high-power energy storage system, 
because batteries with increased size and capacity are superior to small cells in 
reducing the number of interconnectors and control circuits required when in-
tegrated in a battery pack [110]. The capacity of a commercial large format 
lithium-ion batteries can be up to 100 Ah for cylindrical lithium-ion batteries 
[111] (spiral-wound, Shin-Kobe Electric Machinery Co., Ltd., Japan) and 200 
Ah for prismatic batteries (stacked plate, Thunder-Sky Green Power Source 
Co., Ltd., China).  
As the cell size increases, key concerns for both manufacturers and de-
signers of battery pack thermal management system are the high temperature 
and large temperature gradient, as well as the spatial non-uniformity of current 
and state of charge within batteries [112]. The above issues, which are espe-
cially significant during fast charging, have made the scaling-up of batteries 
challenging though the technology of small lithium-ion batteries has made 
significant progress regarding performance, cost, life and safety in the past 20 
years [110]. The well-known reason for large temperature gradient in a large 
format battery is the decreased surface-to-volume ratio and the low cross-
plane (radial-direction in cylindrical battery) thermal conductivity, as well as 
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the high heat generation rate of the battery. The discrete electrical tabs effect 
and temperature gradients within the battery also lead to the spatial non-
uniformities of current and state of charge within the battery. Poor battery de-
signs of large format cells may cause non-uniform utilization of the active ma-
terial and will strongly affect the current distribution, state of charge, voltage 
and temperature distribution, which may lead to a local degradation of the bat-
tery, reducing its performance and cycle life [113, 114]. Therefore, a good cell 
design is essential to reduce the non-uniformities and to improve the battery 
performance.  
Numerical modeling has long been an economical and quick method 
for investigating battery performance, optimizing the cell design and shorten-
ing design processes. However, most of the existing thermal modeling in the 
literature are the lumped-scale models, which couple a 1-D electrochemical 
model with a 1-D [57], 2-D [58], or 3-D [16] thermal model, and are inade-
quate to analyze the spatial non-uniformity of current and state of charge dis-
tribution within the battery. A 2-D or 3-D electrochemical thermal model 
would be more helpful for capturing the detailed spatial electrochemical per-
formance. Generally, a 3-D model is powerful and straightforward to investi-
gate the spatial electrochemical-thermal performance of the battery. However, 
it has the drawback of consuming much more computing time and computing 
resources. Hence, most of the researchers chose 2-D modeling instead, to 
study the spatial non-uniformity of prismatic/pouch battery performance. Most 
of the 2-D modeling focused on the in-plane non-uniformity of battery per-
formance, and studied the tabs effect on current distribution and temperature 
distribution [26, 115-117], while the spatial non-uniformity in the cross-plane 
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direction is underestimated and overlooked. It should be noted that, during fast 
charging with intensive external cooling, large temperature gradients will be 
generated in the cross-plane direction and the temperature-dependent electro-
chemical performance will vary across the cross-plane direction due to the 
temperature gradient. The non-uniformity in the cross-plane direction will be 
especially significant when the thickness of the prismatic/pouch cell is large, 
and the cross-plane thermal conductivity is low due to the large layer-to-layer 
thermal contact resistance which is often overlooked by researchers in the 
modeling. Hence, it is important to investigate the spatial non-uniformity of 
electrochemical performance in the cross-plane direction, and provide sugges-
tions for large format lithium-ion battery designers to avoid undesirable loss of 
battery performance.  
This study aims to shed some light on the design of large format lithi-
um-ion batteries. In this work, a 2-D electrochemical thermal model was de-
veloped on the cross-plane of a laminated stack-plate prismatic/pouch lithium-
ion battery, the effect of thermal contact resistance on the thermal performance 
of lithium-ion battery was examined, and the influence of temperature gradient 
on the electrochemical performance of within a lithium-ion battery was also 
studied. A pulse-charging protocol was evaluated in comparison with constant 
current charging in terms of heat generation rate and temperature rise during 
charging. Suggestions on battery geometry optimizations for both prismatic 
battery and cylindrical battery were proposed to reduce the maximum tem-
perature and mitigate the temperature gradients within lithium-ion batteries.  
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6.2 Model development 
In this study, a local distribution model for pouch cells, and a lumped-
scale electrochemical model for cylindrical batteries were developed for the 
investigation of the effect of thermal contact resistance on the performance of 
both types of batteries.   
Firstly, for the study of cylindrical cell, a lumped-scale electrochemi-
cal-thermal model which couples a 1-D electrochemical model and a 2-D 
thermal model developed in Chapter 4 was extended to the current study on 
the effect of thermal contact resistance. 
For the study of pouch cell, 2-D models in open literatures focused on 
the in-plane (xz planes in Fig. 6.1(c)) non-uniformity of pouch cell perfor-
mance caused by small current collector lead-tabs (on the same terminal of the 
battery) [115-117] as shown in Fig. 6.1(a). In this study, in order to waive the 
consideration on the in-plane (xz planes in Fig. 6.1(c)) non-uniformity and 
highlight the cross-plane (xy planes in Fig. 6.1(c)) non-uniformity of the bat-
tery, the stacked plate prismatic/pouch cell chosen for this study has large cur-
rent collector lead-tabs on opposite terminals as shown in Fig. 6.1(b) and (c) 
[118]. The 2-D model is on the yz cut plane of the battery and details of the 
cut plane geometry are shown in Fig. 6.1(d). The designed pouch battery (20 
Ah, height 175 mm, width 76 mm, thickness 21 mm) is a laminated stack plate 
assembly of a number of cell units comprising positive current collector, posi-
tive electrode, separator, negative electrode, and negative current collector (la-





Figure 6.1 Schematics of battery geometry and internal structure 
 
The electrochemical-thermal model was first developed by Doyle and 
Fuller et al. [45, 85] using porous electrode theory, and the model in this study 
is developed following the work of Somasundaram et al. [41] and the work 
described in Chapter 5. The governing equations are tabulated in Table 6.1.  
The charge balance of the solid phase and solution phase can be com-
puted from Eqs. (6.1) and (6.2) shown in Table 6.1, respectively. In the model, 
the negative terminal of the battery is grounded, and current source is applied 
on the battery positive terminal. Kjunc in Eq. (6.c5) is the liquid junction poten-










The lithium diffusion in the solid phase is governed by the Fick’s se-
cond law mass balance, Eq. (6.3) shown in Table 6.1, and the mass flux at the 
center is equal to zero due to the symmetry effect, while the spherical particle 
surface mass flux is equal to the surface electrochemical reaction rate jloc, 
which can be calculated from Bulter-Volmer equation, Eq. (6.5). The lithium 
transportation through solution phase can be modeled using the concentrated 
solution theory as shown in Eq. (6.4), and the heat transfer performance can be 
computed from the energy balance Eqs. (6.6) - (6.7) for pouch cell and cylin-
drical cell, respectively. Finally, it should be noted that the output voltage of 
the battery expressed as Eq. (6.c3), is the voltage difference between the posi-
tive terminal and negative terminal subtracting the voltage jump due to the 
electrical contact resistance (Rec) on the current collectors’ surfaces and the 
external electrical contact resistance (Rex) on the current collector tabs and 
electric cables in testing. 
The cylindrical cell in the experimental study for the calibration in the 
following section is a commercial LiFePO4-graphite cell ANR26650M1 bat-
tery (2.3 Ah, A123 system, Inc.), and the pouch cell is of the same material 
(height 175 mm, width 76 mm, thickness 10.5 mm, 10 Ah, Fullriver Battery 
Manufacture Co., Ltd.). The open circuit voltages (Uref) of the electrode mate-
rials were taken from the work of Safari et al. [88], and the correlation of 
dU/dT in Eq. (6.c8) for anode and cathode materials were taken from literature 
[8] and [119], respectively. The thermal properties of the components of the 
battery are listed in Table 6.2, and the other model parameters are taken from 













 Cu Anode Separator Cathode Al Electrolyte 
Thickness cylindrical 
(μm) 10 34 30 70 10 --- 
Thickness pouch 
(μm) 8 42 25 54 5 --- 
Density 











Specific heat capacity 























 Anode Separator Cathode 
Design specifications (geometry and volume fractions) 
ε1,i 0.55 ─ 0.43 
ε2,i  0.33 0.54 0.332 
Ri (μm) 0.0365 ─ 3.5 
Lithium ion concentrations 
C2,0 (mol m-3) 1200  
Cmax,i (mol m-3) 31370 ─ 22806 
SOC0,i 0.8 ─ 0.03 
Kinetic and transport properties 
αa,i, αc,i 0.5 ─ 0.5 
γi 1.5 1.5 1.5 
D10,i (m2 s-1) 
14 35000 1 13.9 10 exp( ( ))
refR T T
-´ -
                   
18 13500010
1





(m2.5 mol-0.5 s-1) 













σ1 (S m-1) 100 ─ 0.5 
σ2 (S m-1) 
4 5 2 4
5 8 2 7 2 10 2 2
1 10 ( 10.5 0.074 6.69 10 6.68 10
1.78 10 2.8 10 4.94 10 8.86 10 )
c T T c
cT cT c c T
- - -
- - - -
´ - + - ´ + ´
- ´ + ´ + ´ - ´  
t+ 0.363 ∂lnf/∂lnc2 0 
Tref (K) 298.15 
F (C mol-1) 96487 
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The bulk average density and average heat capacity can be calculated 
from Eqs. (6.8) - (6.10) [16, 121]  
,
( )






































The in-plane thermal conductivity of pouch cell and the axial thermal 
conductivity (kz) of spiral-wound cylindrical batteries, is calculated to be 18.4 














The cross-plane thermal conductivity of pouch cells and the radial 
thermal conductivity, kr of cylindrical batteries, were generally calculated us-
ing the Eq. (6.12) based on the individual thermal conductivities of each layer 
of materials. This calculation, however, neglects the between-layers thermal 
contact resistance (Rtc as shown in Fig. 6.2) which has been proven to have a 
significant influence on the effective thermal conductivity [122-124], and 




Figure 6.2 Schematic of thermal contact resistances and electric contact re-















In order to better capture the effect of TCR on the effective thermal 
conductivity of the battery materials, Eq. (6.13), which takes into account of 

















where Rtc is the laminated layer-to-layer thermal contact resistance, which is 
often overlooked during thermal modeling of lithium-ion battery. The contact 
pressure, surface roughness and flatness of the contacting surfaces, can signif-
icantly affect the magnitude of the contact resistance. An elevated temperature 
at the junction may also cause plastic and/or elastic deformation of the rough-
ness asperities, especially for softer materials, with an associated increase in 
the actual contact area and a decrease in the contact resistance [125]. The 
thermal contact resistances between various layers of the cell stacks adopted in 
this study were experimentally measured by Ponnappan et al. [124], and were 
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found to vary from 0 to 0.0009 m2 K W-1 under various contact pressures and 
temperatures. Consequently, the effective thermal conductivity across the lam-
inated structures is deteriorated by the contact thermal resistances. In order to 
highlight the effect of thermal contact resistance, the effective thermal conduc-
tivity calculated from Eq. (6.13) is plotted in Fig. 6.3, from which decreasing 
effective thermal conductivity with increasing thermal contact resistance is 
found.  
 
Figure 6.3 Variation of cross-plane thermal conductivity and cross-plane Bi 
number with thermal contact resistance and cell thickness 
 
When the battery is scaled-up into a large format, the lumped capaci-
tance method, which is extensively adopted for the thermal analysis of lithi-
um-ion batteries in equivalent circuit modeling [126, 127], may become inap-
propriate as the Biot number criteria for lumped system approach is not met. 
The Biot number (Bi=hLc/k), which characterizes the ratio of convective heat 
transfer to conduction heat transfer, is taken as a criterion for applicability of 
the lumped capacitance method (Bi≪1 or Bi<0.1). The Bi number for the in-
plane heat conduction when the cross-plane side surfaces (yz surfaces) are 
subjected to forced air convection cooling (hx=100 W m-2 K-1) is 0.071, which 
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is below 0.1,  indicating that the lumped capacitance criteria for cross-plane 
heat transfer is fulfilled, viz, it is reasonable to assume the in-plane tempera-
ture distribution uniform. Whereas, the Bi number shown in Fig. 6.3 for the 
cross-plane heat conduction when the in-plane surfaces (xz planes) are cooled 
by  natural air convection (hx=hz=5 W m-2 K-1) would easily go above 1, indi-
cating that the lumped heat capacitance method is not applicable for the cross-
plane direction (y axis direction) thermal conduction analysis. The Bi number 
may be several times higher when the external cooling is intensified and the 
battery thickness is increased to enlarge the battery capacity. Hence, the above 
analysis confirms the significance of cross-plane (y axis direction) thermal 
analysis. 
6.3 Model calibration  
In this section, three important parameters, namely electrical contact 
resistances between active materials and current collectors (Rec, as shown in 
Fig. 6.2), external electrical contact resistance between electric cables and bat-
tery current collector tabs (Rex), and the solution phase lithium ion diffusivity 
(D2), are calibrated using the discharging potential and heat generation rate 
during various current discharging processes.  
The total heat generation in a lithium-ion battery, as indicated in Eq. 
(6.6), is divided into three components: reversible heat, reaction heat due to 
active polarization, and ohmic heat [128]:  
=rev a loc
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The ohmic heat generation as shown in Eq. (6.16) includes four terms, 
the first term is the ohmic heat generation in the solid phase, the following two 
terms are the heat generation in the solution phase, and the last term is the heat 
generation induced by the electrical contact resistance (Rec) between active 
materials and current collectors.  
The existing lithium-ion batteries in various types of configuration (cy-
lindrical, pouch, prismatic) share the similar heat generation behaviour, there-
fore, the heat generation within these batteries can be calculated from a 1-D 
electrochemical battery model based on the battery basic unit as shown in Fig. 
6.2. Such model has been firstly developed by Doyle, Fuller and Newman [45, 
85], based on the porous electrode theory. Accordingly, the similarity becomes 
the foundation of the lumped-scale electrochemical-thermal model which gen-
erally couples a 1-D electrochemical model with a thermal model with various 
geometry dimensions.  
For the calibration of the lumped-scale electrochemical-thermal model 
for cylindrical model, a cylindrical 26650 lithium-ion battery (2.3 Ah, A123 
system, Inc.) was experimentally tested to calibrate the model parameters in-
stead of a large format battery, because the adiabatic heat generation meas-
urement technique (accelerated rate calorimeter, THT., Ltd) is more accurate 
on small batteries than large format batteries, because it is much easier to 
maintain the temperature uniformity (on which the measurement accuracy re-
lies) within small batteries than large format batteries. The cylindrical 26650 
lithium-ion battery was tested at different constant current charging rates (1C, 
3C, 6C and 10C) using battery tester (Maccor, Inc.). At the same time, the heat 
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generation rate of the battery was measured using the adiabatic mode of the 
accelerated rate calorimeter. Experimental results of the battery charging po-
tential and volumetric heat generation rate of the battery were plotted in Fig. 
6.4 and Fig. 6.5, respectively.  
The simulations were performed on the commercial finite-element 
solver, COMSOL Multiphysics 4.3 b. During the calibration processes, the 
three parameters (Rec, Rex, D2) were altered to match the simulation results 
with the experimental result of charging potential and heat generation rate. 
These parameters are chosen for calibration because they are main factors that 
affecting the battery performance, and also because of the difficulty and uncer-
tainty in measuring such parameters. Firstly, the solution phase lithium ion 
diffusivity D2 was calibrated using the capacities at different charging C_rates, 
and is estimated to be 1.3×10-10 m2 s-1, which is in the same order (10-10) as 
the value presented in the literature (2×10-10 m2 s-1 [129], 2.6×10-10 m2 s-1 
[130]). The heat generation rate predicted by the model without considering 
Rec is smaller than the experimental results, because Rec also contributes to the 
ohmic heat generation within the battery as shown in Eq. (6.16), and the value 
of Rec is estimated to be 2.9 Ω cm2 (the reference area is the contact interface 
area between active material and current collectors) using the deviations of 
heat generation rate. Finally, the external circuit electrical resistance Rex, in-
cluding the electrical contact resistance at the battery terminals and the circuit 
wiring resistance, is estimated to be 7 mΩ from Eq. (6.c3) using the discrep-
ancy of charging voltage between simulation results and experimental data. 
The value of Rec adopted by Smith et al. is 20 Ω cm2 [131], which is much 
higher than 2.9 Ω cm2, because the Rex is not considered in their model, the 
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value of Rec in their simulation is in fact the sum of Rec and Rex. The range of 
Rex reported by Taheri et al. [132] through experimental studies is 10~45 mΩ, 
the smaller value of Rex can be attributed to the better electric contact due to 
the spot wielding method used in our testing. 
After the calibrations, the good agreements on the charging potentials 
and heat generation rates as shown in Fig. 6.4 and Fig. 6.5 suggest that the 
model is capable of accurate prediction of battery charging performance at 
various C_rates up to 10 C, and would be applied to the following study on the 
cylindrical battery. Relatively larger discrepancies are found on at the begin-
ning of the charging voltages, this is probably due to the assumption of uni-
form particle size distribution used in the modeling. In an actual cell, the fab-
ricated electrodes will not have a uniform particle size distribution, but instead 
will have a normal distribution. The assumption of uniform active material 
particle size in the electrodes for deriving the model can be relaxed and the 
effect of the various particle size distributions can be studied and analyzed in 
the future to improve the accuracy of prediction.  
 
Figure 6.4 Charging potentials at different C_rates for model parameters cali-





Figure 6.5 Volumetric heat generation rates at different C_rates for model pa-
rameters calibration for the cylindrical battery 
 
 
Figure 6.6 Charging potentials at different C_rates for model parameters cali-
bration for the pouch cell 
 
 
Figure 6.7 Volumetric heat generation rates at different C_rates for model pa-
rameters calibration for the pouch cell 
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Similar calibrations were done for the model for the pouch cell at dif-
ferent charging C_rates, namely 1C, 5C and 8C. The experimental data as well 
as the simulation results after calibrations were plotted in Figs. 6.6 and 6.7. 
The electrical contact resistances (Rec), external electrical contact (Rex), and 
the solution phase lithium ion diffusivity (D2) were calibrated to be 40 mΩ m2, 
3.4 mΩ, and 2.6×10-10 m2 s-1, respectively. The higher Rec may be due to the 
lower contact pressure of pouch cell design than the spiral-wound cylindrical 
battery design. And again, the lower Rex is due to the spot wielding method 
adopted in the testing.  
6.4 Model validations 
The bulk effective thermal conductivity of the cylindrical battery was 
measured to be 0.2 W m-1 K-1 in our previous study, while the effective thermal 
conductivity calculated from Eq. (6.12) without considering the TCR on the 
current collector surfaces is 0.91 W m-1 K-1. The difference is therefore an evi-
dence of the existence of the TCR. Though the TCR was not directly measured 
in this study, it was reversely calculated from Eq. (6.13) as 0.00015 m2 K W-1, 
which is within the range of 0~0.0009 m2 K W-1 from the testing of Ponnappan 
et al. [124].  
The simulation results were validated against the experimental results 
of Forgez et al. [89] on the same type of cylindrical battery. The center tem-
perature and the surface temperature of the battery were measure during a 6 C 
constant current charging-3.6 V constant voltage charging-6 C constant current 
discharging process. The good agreements between the experimental data and 
experimental results as shown in Fig. 6.8 verify the accurate prediction of 
temperature difference mainly governed by the effective thermal conductivity, 
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showing that the effective thermal conductivity of 0.2 W m-1 K-1 used in the 
simulation is reasonable.  
 
Figure 6.8 Center and surface temperatures validation for the cylindrical bat-
tery during 6 C charging discharging process  
 
In comparison, the gap between the center temperature and the surface 
temperature is much narrower when the effective thermal conductivity is cal-
culated to be 0.91 W m-1 K-1 from Eq. (6.12) without considering the TCR, the 
large deviation confirms the importance of considering TCR in the modeling. 
For the pouch cell, the bulk cross-plane thermal conductivity calculated from 
Eq. (6.12) without considering the TCR is 0.883 W m-1 K-1, while the meas-
ured value by using TPS 2500 S (TechMax Technical Co. Ltd.) is much lower 
at 0.34 W m-1 K-1, this difference is an indication of the existence of the TCR, 
which can be estimated from Eq. (6.13) to be 0.00006 m2 K W-1. In order to 
confirm the model accuracy in modeling the thermal performance, the pouch 
cell was charged under natural convection condition at different C_rates (1 C, 
3 C, 5 C), and good agreements are found as shown in Fig. 6.9, verifying the 




Figure 6.9 Temperature validation for the pouch cell at different charging rates  
 
6.5 Results and discussion 
6.5.1 The effect of thermal contact resistance 
Since high temperature may cause damage to the separator [124], and 
may even cause thermal runaway of the battery [133], an effective thermal 
management system should be introduced to maintain the battery temperature 
within a safe range, especially when the battery is in a large format and where 
there is a large amount of heat is generated within the battery. In this study, the 
lumped-scale electrochemical-thermal model is applied to the studies of a cy-
lindrical battery (8 Ah, 38 mm diameter, 120 mm height) and a pouch cell (20 
Ah, height 175 mm, width 76 mm, thickness 22 mm), four different thermal 
management strategies were studied:  
(1). Natural air convection (hr=hx=hy=hz=5 W m-2 K-1);  
(2). Moderate forced air convection (hr=hx=hy=30 W m-2 K-1, hz=5 W m-2 K-1); 
(3). Intense forced air convection (hr=hx=hy=100 W m-2 K-1, hz=5 W m-2 K-1); 
(4). Liquid cold plate cooling (hr=hy=1000 W m-2 K-1, hx=hz=5 W m-2 K-1), in 
which hr is the heat transfer coefficient on the lateral/curved surface of the cy-
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lindrical battery. The heat transfer coefficients for positive and negative termi-
nals were taken as hz=5 W m-2 K-1 (natural air convection) because the top and 
bottom surface are small and the terminals are used for battery-to-battery con-
nection and fixture of the battery in the battery pack, and are therefore not well 
cooled. For the liquid cold plate cooling (or enveloping jacket cooling for the 
cylindrical battery [134]), the effective cooling surfaces are the larger side sur-
faces (xz in-plane surfaces) of the prismatic battery [22] and the curved sur-
face of the cylindrical battery [134]. The other surfaces are under natural air 
convection cooling.  
In this section, the effect of thermal contact resistance on the thermal 
performance of batteries is highlighted. The maximum and minimum tempera-
tures, as well as the temperature difference within the battery under 10 C 
charging process with the various cooling conditions for the pouch cell are 
shown in Fig. 6.10.  As can be seen, the minimum temperature decreases with 
increasing heat transfer coefficient, and the temperature difference increase 
when the external cooling is intensified as expected. An abnormally high max-
imum temperature is found in the case of liquid cold plate cooling due to the 
poor cooling of the battery side surfaces (yz planes), and the high heat transfer 
coefficient on the xz in-plane surfaces induces a large temperature gradient 
within the battery. Worth noting is that, when the thermal contact resistance is 
taken into account, much higher maximum temperatures and temperature dif-
ferences are found, especially for the cases of liquid cold plate cooling, where 
there is an increase of maximum temperature of about 17.8 oC and an increase 
in temperature difference of 18.7 oC. Hence, the results indicate that thermal 
modeling in open literatures neglecting the effect of thermal contact resistance 
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may greatly underestimate the maximum temperature and temperature gradi-
ents in the battery.  
 
Figure 6.10 Comparisons of pouch cell thermal performance under different 
cooling conditions with and without considering thermal contact resistances  
 
The simulation results at the end of 10 C charging for the cylindrical 
battery are shown in Fig. 6.11. The maximum temperature and temperature 
difference followed the same trend as the pouch cell when the external cooling 
is intensified. When the thermal contact resistance is taken into consideration, 
the maximum temperature of the battery may go up to 64.6 oC with liquid cold 
plate cooling, and the temperature difference goes significantly high to nearly 
38.2 oC. The results suggest that simply increasing the heat transfer coefficient 
is inadequate to reduce the maximum temperature and narrow down the tem-
perature difference, and may even exacerbate the situation. The rising demand 
for faster charging of larger format lithium-ion batteries would therefore re-
quire careful and detailed thermal analysis to ensure battery safety. Better 
thermal management technique and optimal battery configuration design 




Figure 6.11 Comparisons of cylindrical battery thermal performance under 
different cooling conditions with and without considering thermal contact re-
sistances  
 
6.5.2 The effect of cross-plane temperature gradients 
It has been a consensus that the battery electrochemical performance 
and state of health (cycle life, indicated by the ratio of remaining capacity to 
the original capacity of a fresh battery) are strongly temperature dependent [43, 
101, 111, 135, 136], however, most of the numerical and experimental studies 
focused only on the overall battery performance [43, 101, 111, 135, 136], or in 
other words, the electrochemical performance and state of charge were as-
sumed spatially uniform within the battery. For a laminated stack-plate pouch 
cell, as shown in Fig. 6.1 (d), the battery is electrically equivalent to a parallel 
connection of a number of cell units (pc/pe/sp/ne/nc). The electrochemical per-
formance and state of health are prone to be highly non-uniform due to the 
high temperature gradient within the battery. It is therefore interesting and of 
great significance to study the in-cell non-uniformity of the battery.  
In order to evaluate the in-cell non-uniformity of the battery during 
high C_rate charging and high intensity cooling, a 10 C charging process with 
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intense forced air cooling (case 3) for the 20 Ah pouch cell (height 175 mm, 
width 76 mm, thickness 21 mm) is taken as a test case in the study. A 10 C 
charging process under the adiabatic condition is taken as the reference case.  
 
Figure 6.12 Comparison of current and SOC evolution of 10 C charging under 
intense forced air convection and adiabatic conditions  
 
In the adiabatic case, the current of the center unit is slightly higher 
than the side unit, maximally 15 % as shown in Fig. 6.12 (b), leading to a 
maximally 10 % higher state of charge (negative electrode material, Fig. 
6.12(c)) in the center unit than the side unit because the center unit is constant-
ly charged more before reaching the peak. This deviation can be attributed to 
the difference in ohmic resistance due to longer current collectors of the side 
unit compared to the center unit as can be seen from the schematic in Fig. 6.1.  
The polarization resistance (excluding Rec and Rex) of a cell unit (as 
shown in Fig. 6.2) was calculated as the ratio of the polarization voltage (∆V 
in Fig. 6.13) to the current from the simulation results using a 1-D isothermal-
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electrochemical model with the same parameters during 1 C current pulse 
charging processes. As can be seen from Fig. 6.13, the polarization resistance 
of the cell unit is strongly temperature and SOC dependent. The maximum 
temperature (74.4 oC) and temperature difference (29.2 oC) have been present-
ed in Fig. 6.10, and this temperature difference enlarges the resistance differ-
ence between the center unit and the side unit, causing a much larger current 
difference as shown in Fig. 6.12(a). The maximum current deviation increases 
from 15 % in adiabatic condition to 35 % as shown in Fig. 6.12 (b), leading to 
a 30 % difference in negative electrode state of charge. The SOC difference 
keeps increasing until the current of center unit experience a sharp decrease 
and the side unit undergoes a sharp increase, this severe change of current 
magnitude is attributed to the sharp increase of polarization resistance when 
the SOC is reaching 1 and the fact that center unit reaches the polarization re-
sistance’s sharp increasing zone earlier than the side unit.  
 
Figure 6.13 Modeled polarization resistance of the battery at different tem-
peratures against the respective state of charges  
 
It has been experimentally proved that the capacity loss of lithium-ion 
battery is positively related to the current, temperature and depth of discharge 
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of the battery [43, 136]. The larger current, higher temperature and higher 
depth of discharge of the center unit within the prismatic/pouch battery would 
lead to larger capacity loss. Hence, an EV manufacturer or a battery designer 
must come out with a solution to mitigate the large temperature gradient with-
in the battery and hence the resulting non-uniformities.  
6.5.3 The effect of pulse charging on thermal performance 
It has been shown that simply increasing the cooling intensity is insuffi-
cient to narrow down the temperature difference and it even enlarges the tem-
perature gradient in certain cases. Hence alternative measures are required to 
solve the thermal problem arising during fast-charging of large format lithium-
ion batteries. An improved charging protocol, pulse charging, is potentially 
helpful to narrow down the temperature difference because it allows a short 
period for thermal relaxation in between two charging pulses and has been 
shown to be helpful in improving the battery electrochemical performance and 
cycle life [137, 138]. The idea, though promising, has neither yet been exper-
imentally nor numerically studied in terms of the thermal behaviour.  
In this numerical study, the comparison of thermal performance was 
made between constant current charging (5 C) and pulse charging (0.02 Hz, 25 
s 10 C charging, 25 s rest) on a basis of the same total charging time. As 
shown in Fig. 6.14, the battery potential during pulse charging keeps fluctuat-
ing until it reached 4.2 V, while the potential during constant current charging 
had a plateau at about 3.55 V and sharply increases to 4.2 V at the end of 
charge. Though the pulse charging has multiple relaxation periods during the 
charging, the over-potential during charging (10 C) is much higher than con-
stant current charging (5 C). The voltage of the battery during pulse charging 
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reached the upper limit earlier than the constant current charging due to the 
severer concentration non-uniformity and the higher charging over-potential.    
 
Figure 6.14 Comparison of charging potential during constant current charging 
and pulse charging  
Fig. 6.15 reveals higher heat generation rate in the battery due to the 
much higher over-potential during charging pulses, and the time-averaged heat 
generation rate for pulse charging is even higher than that of constant current 
charging. Unfortunately, the pulse charging protocol does not show the desired 
lower heat generation rate, and perform worse than constant current charging 
as shown in Fig. 6.16. Though the temperature of battery during pulse charg-
ing experienced a relaxation period where there is a sharp temperature drop of 
about 1 oC, both the surface temperature and center temperature fluctuating 
increase to final temperatures higher than those of constant current charging. 
Hence, despite the advantages in electrochemical performance and cycle life 
[137, 138], the pulse charging protocol does not help to improve the battery 
thermal performance on the basis of same charging time. The above simula-
tion and experiments were performed on a 26650 (A123 system, Inc.), the sit-




Figure 6.15 Comparison of heat generation rate during constant current charg-
ing and pulse charging  
 
 
Figure 6.16 Comparison of center temperature and surface temperature during 
constant current charging and pulse charging 
 
6.5.4 Battery geometry optimizations  
From the above sections, it has been found that the high temperature 
and large temperature gradient during fast charging are inevitable even when 
intensive cooling methods and pulse charging protocol are introduced, because 
of the poor cross-plane (radial direction for cylindrical battery) thermal con-
ductivity. Therefore, other proper measures should be taken to reduce the bat-
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tery temperature and temperature gradient. One possible method is to cut 
down the heat generation within the battery by increasing the electrical con-
ductivity of active materials and reducing the electrical contact resistance on 
the surface of current collectors. Another method could be reducing the ther-
mal contact resistance between laminated layers by mixing highly thermal 
conductive additives or reduce the active material particle size so as to ensure 
better thermal contact between active materials and current collectors. The de-
tails of the above two methods are beyond the scope of this study, and a sim-
pler way to be discussed in this work is to mitigate the temperature gradients 
by improving the design of battery configuration, so as to either reduce cross-
plane thermal resistance (by reducing the cross-plane thickness) or make use 
of the much higher in-plane thermal conductivity of the battery (by increasing 
the area of cross-plane side surfaces).  
For a pouch cell, the dominating cooling area is the xz in-plane surface of 
the battery, when designing a large format pouch cell for fast charging applica-
tion, it is necessary to make the pouch cell into a thin plate so as to reduce the 
cross-plane thermal resistance and the temperature difference between the cen-
ter unit and the side unit, thus maintaining good uniformity within the cell and 
extending the cycle life of the cell. This guideline has been well followed in 
the current development of pouch cells in the market, so the following discus-
sion would focus more on the selection of optimum geometry for cylindrical 
batteries.   
For a cylindrical battery, the significant temperature gradient could be 
mitigated by optimizing the battery geometry, as shown in Fig. 6.17. The ratio 
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of cross-plane surface area to in-plane surface area is half of the aspect ratio of 
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Figure 6.17 Schematics of cylindrical battery geometry varying the aspect ra-
tio 
 
Hence, the larger the aspect ratio is, the larger the ratio of cross-plane 
surface area to in-plane surface area. Cooling from cross-plane side surfaces is 
more effective in narrowing down the temperature difference than cooling 
from in-plane surfaces, because of the much larger in-plane thermal conductiv-
ity than cross-plane thermal conductivity. Consequently, together with the ef-
fect of increasing cooling surface area as shown in Fig. 6.18, the maximum 
temperature and temperature difference decrease greatly with increasing as-
pect ratio (decreasing battery height), while there are mere changes when the 
height of the battery was increased from 120 mm to 200 mm although there is 
an increase of cooling surface area (Fig. 6.18). In addition, it should be point-
ed out that, the small aspect ratio is not favorable for a cylinder from the per-
spective of the mechanical strength. Thus, it is suggested that cylindrical bat-
tery with higher aspect ratio is a better choice in terms of thermal perfor-
mance. The disadvantage of cylindrical battery with high aspect ratio is that 
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the large radius of the battery would cause a severe non-uniformity of current 
distribution within the battery, thus proper measure, such as the implement of 
continuous current collectors [108], should be taken to deal with the issue.  
 
Figure 6.18 Variation of maximum temperature, temperature difference and 
cooling surface area with increasing height of the cylindrical battery designs 
 
6.6 Summary 
In this study, a 2-D electrochemical-thermal modeling was developed 
on for a large-format, laminated stack plate prismatic/pouch lithium-ion bat-
tery. The thermal behaviour of large format lithium-ion batteries was numeri-
cally investigated. The thermal contact resistance at the interface of the lami-
nated structure was found to reduce the cross-plane effective thermal conduc-
tivity and significantly increase the temperature difference between the center 
and the surface of the battery. The resulting high temperature gradients across 
the battery will induce non-uniformity of charging-discharging currents and 
state of health among the multiple unit cells within the battery. The poor cross-
plane thermal conductivity makes it difficult to reduce the maximum tempera-
ture and narrow down the temperature difference by simply intensifying the 
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external cooling. The pulse charging protocol, which is promising in resolving 
the thermal issue during fast charging, was found to be incapable of mitigating 
the thermal gradients, because of a higher time-averaged heat generation rate 
compared to constant current charging on the basis of the same total charging 
time. Finally, suggestions on battery geometry optimizations for both pris-
matic/pouch batteries and cylindrical batteries are proposed to reduce the max-
imum temperature and mitigate the temperature difference. Prismatic/pouch 
battery with small thickness and cylindrical battery with small aspect ratios are 
preferred for battery design from the perspective of thermal performance, alt-
hough the final battery geometry design should also take into account mechan-
ical strength and packaging cost. 
 
Results have been published in: 
Y Ye, LH Saw, Y Shi, K Somasundaram, AAO Tay; Effect of thermal contact 
resistances on fast charging of large format lithium-ion batteries; Electro-




7 Experimental investigations on a heat pipe thermal 
management system for lithium-ion batteries 
7.1 Introduction 
The lithium-ion battery is regarded as an optimum energy storage de-
vice for electric vehicles (EVs) and hybrid electric vehicles (HEVs) [22, 139]. 
Its thermal management, however, is still one of the key issues restricting the 
application of lithium-ion batteries on EVs and HEVs. Various studies have 
concluded that the high temperature accelerates the capacity degradation and 
shortens the battery life [8, 58, 140]. Thermal management systems (TMSs) 
are therefore critical for EVs and HEVs to control the operating temperature of 
batteries within an appropriate range. Besides, a TMS is also essential for pre-
venting batteries from thermal run away and catching fire [11].  
It has been elucidated by various studies that the appropriate operating 
temperature range for lithium-ion batteries is 25-40 oC, within which the lithi-
um-ion battery achieves a good balance between performance and life [5, 59]. 
For batteries operated under moderate conditions, many researchers adopted a 
maximum surface temperature limit of 50 oC when designing the battery TMS 
[60, 61]. It is also desired to maintain the temperature difference within a 
module to be below 5 oC to avoid large cell-to-cell imbalance which may ac-
celerate the degradation of batteries [5]. Besides, due to the limited space in an 
EV, a TMS is also required to be compact and lightweight [20].  
There have been various types of TMSs developed for EVs. To date, 
most of the studies on TMSs are focused on the development of active cooling 
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systems in which the coolant is air, oil, or water-ethylene glycol [22, 141, 
142]. However, air cooling may not be sufficient if the battery module/pack is 
under stressful operating conditions (e.g. fast charging) or in a thermal abuse 
condition [62, 63]. When using liquid as the coolant, preventing liquid leakage 
is challenging and costly. The use of dielectric fluids will also increase the cost 
of the system. Furthermore, the relatively high pressure drop across the liquid-
cooled heat exchangers will lead to significant additional energy consumption 
[22]. On the other hand, the phase change material (PCM) TMS performs bet-
ter in terms of battery-pack compactness [82] and temperature uniformity 
[143]. However, the PCMs alone are still insufficient for high heat fluxes due 
to the low thermal conductivity of the PCM.  
Another relatively novel concept of a TMS is the heat pipe thermal 
management system (HPTMS). Heat pipes have been widely used in many 
industrial applications [69-73], and they are known as thermal superconduc-
tors operating on the principles of high heat transfer through evaporation 
[144]. The effective thermal conductivity of heat pipes can reach up to 90 
times higher than that of a copper bar of the same size [74]. For heat pipes 
with a metal sintered powder wick, the heat transfer rate in the radial direction 
through liquid evaporation is much greater than the heat transfer rate along the 
heat pipe envelope. As a result, an isothermal temperature profile can be 
achieved along the evaporator section of the heat pipe [75], and therefore en-
sures a good uniformity of the battery temperature when heat pipes are applied 
to the thermal management of batteries. Wu et al. [76] attached two heat pipes 
with aluminum fins to the battery wall to improve the heat transfer process. 
Their simulation results showed that the application of the heat pipe could sig-
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nificantly reduce the temperature rise. Rao et al. [61] developed a HPTMS for 
prismatic batteries, and the experimental results showed that the maximum 
temperature could be controlled below 50 oC when the heat generation rate of 
the battery was lower than 50 W. A similar design utilizing an aluminum cool-
ing plate embedded with heat pipes was numerically investigated by Greco et 
al. [80]. Wang et al. [79] proposed a HPTMS design for cooling and heating 
purposes, the system is able to control the battery temperature below 40 oC if 
the heat generation is less than 10 W/battery. Most of these TMSs are focused 
on low C_rates (e.g. less than 1 C [76]; 2 C [79]; 3 C [78]) operating condi-
tions where the heat generation in the batteries is relatively small. A C_rate is 
a measure of the rate at which a battery is charged/discharged relative to its 
maximum capacity. A 1 C_rate current will discharge the entire battery in 1 
hour, and an n C_rate current is n times that of a 1 C_rate current [145]. Be-
sides, the optimization of these HPTMSs has not been attempted and most of 
the systems have not been experimentally validated with integration of real 
batteries.    
In fast-charging applications, the battery needs to be charged at high 
C_rate to achieve full capacity in 10 min [23]. A large amount of heat is gen-
erated which will cause a rapid temperature rise of the battery [24]. Besides, 
under some severe conditions, such as sharp acceleration, over-discharge of 
battery, battery internal short circuit, etc., the heat generation within batteries 
would be significantly increased. This may possibly lead to excessive tempera-
ture throughout a module/pack or thermal runaway of cells. Hence, a reliable 
thermal management system must be designed to cater for these severe operat-
ing conditions and maintain the cell within the optimum operation temperature 
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limits. Existing TMSs utilizing heat pipes are not designed to dissipate a large 
amount of heat generation from the battery pack. The heat pipe may reach its 
dry-out point when the heating power at the evaporator section exceeds a criti-
cal value [84]. In addition, due to the poor thermal conductivity of the active 
material layer and separator in the battery, the internal temperature of the cell 
is higher than the skin temperature of the cell [24]. Hence, a lower limit of the 
maximum surface temperature of 40 oC is a safer criterion than 50 oC when 
designing a TMS.  
In view of the above, the aim of this work is two-fold: first, to design 
and optimize a HPTMS, so that the thermal management system can meet the 
requirements for fast charging and extreme operating conditions. In order to 
meet this target, sensitivity studies on various design parameters, including the 
working fluid of heat pipes, flow rate, coolant temperature, operating orienta-
tion, the number of heat pipes in a HPCP and with/without cooling fins, will 
be carried out to identify the influence of each factor on the thermal response 
of the HPTMS. Second, the effectiveness of the system will be assessed with 
actual prismatic batteries.  
7.2 Conceptual design of a HPTMS 
A design of a HPTMS for a prismatic/pouch type lithium-ion battery 
pack is shown in Fig. 7.1(a). The HPTMS is designed for prismatic batteries 
with of dimensions 140mm×65mm×15 mm and a capacity of 10 Ah during 8 
C_rate fast-charging. In the design, batteries and heat pipe cold plates 
(HPCPs) are stacked alternately. That is, each HPCP is sandwiched between 
two batteries and each battery is sandwiched between two HPCPs. During the 
operation, the heat generated within the batteries is conducted through the 
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evaporator sections of the heat pipes to the condenser sections, and from there 
to the circulating coolant at the condenser sections. A typical unit of the HPCP 
is shown in Fig. 7.1(b). Each of the HPCP comprises a number of heat pipes 
and two copper-plate heat spreaders of size matching the battery side surface. 
The evaporator sections of the heat pipes are flattened, and the two copper 
plates are soldered to the flattened surfaces of the heat pipe. Cooling fins are 
push-fitted and soldered to the condenser sections of the heat pipes so as to 
enhance the cooling performance. Making use of the super high thermal con-
ductivity of the heat pipe, an isothermal temperature profile can be achieved 
along the evaporator [75]. 
 
Figure 7.1 Schematic of the conceptual design of the HPTMS for a bat-
tery pack 
 
Due to the symmetric geometry of the battery pack, a HPCP is only re-
quired to dissipate an amount of heat that equal to the total heat generation in 
one battery as both sides of the battery are subjected to cooling in a symmetric 
arrangement. A safety factor of 2.0 is adopted here in order to secure the safety 
of the battery pack in the worst case scenario. The experimental measurement 
results using an adiabatic calorimeter (Accelerated rate calorimeter, THT., Ltd) 
plotted in Fig. 7.2 showed that the averaged heat generation rates at 3 C_rate, 
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5 C_rate and 8 C_rate charging are 10.5 W, 25.4 W and 54.4 W, respectively. 
For the batteries in this study, the 1 C_rate corresponds to a 10 A current 
which fully discharges the battery in 1 hour. Since the HPTMS is designed for 
thermal management of batteries during 8 C_rate charging, the optimized 
HPCP is required to have a cooling capacity of 108.8 W. In order to deliver the 
optimum performance of the battery, the HPTMS is also required to control 
the temperature of the battery within the range of 25 oC - 40 oC and control the 
temperature difference below 5 oC [5, 59].  
 
Figure 7.2 Experimental measurement of heat generation rate during charging 
at different C_rates  
 
The various steps in optimizing the design of the HPTMS are:  
1. Selecting appropriate single heat pipes with high maximum heat transfer 
limits and low thermal resistances (diameter, working fluid, flattened 
thickness and the number of heat pipes);  
2. Choosing appropriate operating conditions (flow rate, coolant temperature 
and operating orientation).  
3. Optimizing the design by soldering copper heat spreaders to the heat pipe 
evaporator sections to improve the temperature uniformity of the battery 
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surface, and adding cooling fins at the condenser sections of heat pipe to 
enhance the heat dissipation performance.  
To optimize the design, sensitivity studies on various design parame-
ters, including the working fluid of heat pipes, flow rate, coolant temperature, 
operating orientation, the number of heat pipes in a HPCP and with/without 
cooling fins, were undertaken to determine the most influential factors on the 
thermal performance of the HPTMS. 
7.3 Experimental parametric study on single heat pipes 
As heat pipes are the most critical components in a HPTMS, selecting 
a suitable heat pipe is the prime step in designing such a system. The wick 
structure of the heat pipes in this study is chosen to be sintered copper powder 
wick [146] as the heat source orientation and gravity have less effect on such 
heat pipes as the wicks have stronger capillary action compared to groove and 
mesh wick [147, 148]. Besides, the performance degradation on maximum 
heat transfer rate of sintered powder heat pipes when flattened is smaller than 
grooved heat pipes [148].  
Tubular heat pipes are widely available in the past decades and have 
been widely used in many industrial applications for their efficient cooling and 
thermal management [71, 72, 149, 150]. The selection of heat pipes for a 
particular thermal management application is based on the cooling power level 
and the range of evaporator temperatures. For our HPTMS conceptual design 
described in Section 7.2, an appropriate heat pipe candidate should have a 
maximum heat transfer rate of over 27.2 W with a thermal resistance as low as 
possible. Experimental tests were carried out on various single heat pipes 
(outer diameter: 6.0 mm and 8.0 mm; flattened thickness of the evaporator: 
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2.5mm, 3.0 mm, 3.5 mm, 4.0 mm; working fluid: water, methanol, ethanol) 
following a similar testing procedure used by Huang et al. [151].  
Schematics of the cooling loop and the test section of the experimental 
setup are shown in Fig. 7.3 and Fig. 7.4, respectively.  
 
Figure 7.3 Schematic of the cooling loop of the experimental setup 
 
 
Figure 7.4 Schematic of the test section for a single heat pipe 
 
In the experiment, a nichrome wire heater with Teflon insulation was 
wrapped evenly around the heat pipe evaporator section to provide a uniform 
heat source to the heat pipe. Thermal grease was filled into the gap between 
wire heater and the heat pipe wall to ensure good thermal contact and uniform 
heat supply. Multiple T-type thermocouples were calibrated in a temperature 
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calibrator (FAST-CAL, Isothermal Technology Limited) to within ±0.1 oC ac-
curacy, and were used to monitor the heat pipe wall temperature at different 
locations of the heat pipe. In order to accurately measure the effective heat 
transfer rate through the heat pipes, high accuracy (±0.02 oC) platinum re-
sistance thermometers (PRTs) were used to measure the inlet and outlet water 
temperatures. The 25 oC of constant temperature cooling water was supplied 
by a thermostatic water bath at a flow rate of 2 L min-1 (±0.025 L min-1). The 
adiabatic section of the heat pipe was thermally insulated by a Teflon fitting, 
and the evaporator section was wrapped with thermal insulation to prevent 
heat loss. Before the test, the heat pipe was maintained at 25 oC by the cooling 
water. After a heat load is applied on the heat pipe evaporator section, the sys-
tem was allowed to reach steady-state when the variation in wall temperature 
is less than 0.1 oC for 2 minutes.  
Many experiments on single heat pipes were carried out where various 
parameters such as pipe diameter, working fluid, coolant temperature, coolant 
flow rate, etc., were varied. Some typical results are presented in Fig. 7.5. As 
can be seen, ethanol has a relatively low maximum heat transfer rate, because 
it quickly reached the dry-out condition with a heat load of merely 10 W as 
shown in Fig. 7.5(c), which suggests that the ethanol heat pipe is not a proper 
candidate for the present design. In contrast, the dry-out phenomenon was not 
found in the tests on water heat pipes and methanol heat pipes with heat loads 
up to 30 W (Fig. 7.5(a)-(b)). As shown in Fig. 7.5(d), the thermal resistance of 
a water heat pipe is lower than that of a methanol heat pipe, and an 8 mm wa-
ter heat pipe has a lower thermal resistance than that of a 6 mm water heat 
pipe. From the experimental parametric study conducted, it was conclude that 
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an 8.0 mm outer diameter water heat pipe with the evaporator section flattened 
to 3.0 mm thickness is a good tradeoff between heat pipe performance and size 
for our application.  
 
Figure 7.5 Results of the single heat pipe testing (a)-(c) temperature distribu-
tions along the heat pipe surface (d) thermal resistances 
 
7.4 Experimental study on the performance of a HPCP 
In order to provide better heat transfer between the flat battery surfaces 
and the heat pipes, a heat pipe cold plate (HPCP) is used instead of individual 
heat pipes. An initial study on a baseline HPCP was conducted as follows. The 
evaporator sections of 4 pieces of 8.0 mm diameter sintered copper powder 
heat pipes (with water as the working fluid) were flattened to 3.0 mm in thick-
ness. Two pieces of copper plate heat spreaders (0.5 mm in thickness) were 
soldered onto the flattened evaporator sections of the heat pipes. 
The experimental setup to test the performance of the HPCP is shown 
in Fig. 7.6. A plate heater was attached to each side of the HPCP to simulate 
the heat load from the batteries. The adiabatic sections of the heat pipes were 
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insulated by a Teflon block. The bare condenser sections of the heat pipes in 
the HPCP were cooled by the liquid cooling loop as shown in Fig. 7.3. Ther-
mal grease was applied to the gap between the plate heaters and the surface of 
the HPCP to ensure good thermal contact and uniform heat supply. T-type 
thermocouples were calibrated in a temperature calibrator (FAST-CAL, Iso-
thermal Technology Limited) to within ± 0.1 oC accuracy, and were used to 
monitor the temperatures at different locations of the HPCP. In order to accu-
rately measure the effective heat transfer rate through the heat pipe, high accu-
racy (± 0.02 oC) platinum resistance thermometers (PRTs) were used to meas-
ure the inlet and outlet water temperatures.  
 
Figure 7.6  Schematic of the experimental setup for characterizing the HPCP 
 
Experiments were firstly conducted under steady-state conditions to 
determine the temperature distribution on the HPCP, and to determine the 
most influential factors on the thermal performance of the HPCP. The HPCP 
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was tested with different heating powers (25 W, 50 W, 75 W, 100 W, and 125 
W) supplied by the plate heaters. The testing was performed continuously with 
a 25 W step increment. The condenser sections of the heat pipes of the HPCP 
were cooled by 25 oC water from a thermostatic water bath with a flow rate of 
2 L min-1. Fig. 7.7(a) shows the maximum temperature and temperature differ-
ence at the evaporator of the heat pipes. When the heating power was below 
75 W, the maximum temperature at the evaporator was controlled below 40 
oC, and the temperature difference was controlled below 5 oC. The cooling ca-
pacity of the baseline HPCP studied is therefore below 75 W, and needs im-
provement before it can meet the design target of 108.8 W.  
Subsequently, to improve the cooling capacity, sensitivity studies were 
conducted by varying various design parameters, including the working fluid 
of heat pipes, flow rate, coolant temperature, operating orientation, the number 
of heat pipes in the HPCP and with/without cooling fins. The results are pre-
sented in the following sections.  
7.4.1 Working fluid of heat pipes 
With the same configuration, a water heat pipe may have a lower ther-
mal resistance than a methanol heat pipe, however, the higher operating tem-
perature range of a water heat pipe is unfavorable for the application on ther-
mal management of batteries. In view of this conflict, the selection between 
water heat pipes and methanol heat pipes based on the existing knowledge and 
datasheets is not straightforward. Experiments were therefore conducted to 
compare these two candidates at the HPCP level. The results are presented in 
Fig. 7.7(a) which showed that the HPCP with water heat pipe has slight 
advantages over the HPCP with methanol heat pipe in terms of the maximum 
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temperature (Tmax) and temperature difference (Tdiff) across the evaporators. 
This can be ascribed to the fact that the heating power was too low to fully 
activate the water heat pipe. Such a reasoning is supported by the tranient 
temperature rises at the heat pipe condenser shown in Fig. 7.7(b) and Fig. 
7.7(c).  
 
Figure 7.7 Comparison of the thermal performance of HPCPs with different 
working fluids (a) evaporator temperature; (b)-(c) condenser temperature 
 
In a cross-flow cooling arrangement, when a heat pipe is fully 
activated, the temperature distribution at the condenser section should be 
approximately uniform. For the HPCP utilizing methanol heat pipes, there was 
little difference between T2 and T3, indicating a relatively uniform 
temperautre distribution along the condenser and a fully activated working 
condition. In contrast, for the HPCP utilizing water heat pipes, there was a 
large temperature difference between T2 and T3 at low heat loads and this 
difference narrowed down with the increase of heat load, showing that the 
water heat pipes were gradually becoming fully activiated. At the heating 
power of 100W and 125 W, the water heat pipe was fully activated, and the 
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maximum temperature of the HPCP utilizing water heat pipes was slightly 
lower than that of the HPCP utilizing methanol heat pipes. These results 
suggest that the methanol heat pipe is comparable to the water heat pipe for 
the present application but the latter is slightly better.  
7.4.2 Coolant flow rate, coolant temperature, operating orientation and 
the number of heat pipes in a HPCP 
By fixing the number of heat pipes to 4 in the HPCP, the effect of cool-
ant flow rate on the performance of the HPCP was investigated. The results are 
plotted in Fig. 7.8 which shows that there are large decreases in the maximum 
temperature and temperature difference at the evaporator when the flow rate is 
increased from 1 L min-1 to 2 L min-1. The improvement becomes minimal 
from 2 L min-1 to 3 L min-1. This suggests that 2 L min-1 may be an optimum 
flow rate for the present design.  
 
Figure 7.8 Sensitivity studies on the coolant flow rate 
 
Having fixed the flow rate, further investigations were performed on 
the effect of coolant temperature (15 oC, 20 oC and 25 oC). As can be seen 
from the results in Fig. 7.9, the decreases in the maximum temperatures at the 
evaporator are approximately the same as the decreases in the coolant temper-
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ature. The maximum temperature was controlled below 40 oC with a coolant 
temperature of 15 oC when the heating load was 100W. However, a distinct 
drawback is the increased temperature difference on the cold plate when low-
ering the temperature of the coolant. When the heating power was 125 W and 
coolant inlet temperature was 15 oC, the temperature difference exceeded 5 oC, 
which is unfavorable for battery operation. Another drawback is that the low 
initial battery temperature (15 oC for example) may reduce the output power 
and energy of the battery [8] and shorten the battery cycle life [9, 43, 152-
155].  
 
Figure 7.9 Sensitivity studies on the coolant inlet temperature 
  
Another critical design parameter is the heat pipe operating orientation, 
which has been a key concern of many researchers. To evaluate the sensitivity 
of the performance to the variation of operating orientation, 3 typical 
orientations were tested: 1. Condenser at the bottom and evaporator on top 
(+90o orientation); 2. Horizontal (0o orientation); 3. Condenser on top and 
evaporator at the bottom (-90o orientation). The results presented in Fig. 7.10 
show that the -90o operating orientation is the best for optimal performance of 




Figure 7.10 Sensitivity studies on the operating orientation of the HPCP 
 
The last design parameter investigated in this sensitivity study is the 
number of heat pipes in a HPCP. In the experiment, HPCPs with different 
numbers (3, 4, and 5) of heat pipes were assembled and tested. The maximum 
temperature and temperature difference at the evaporator are plotted in Fig. 
7.11 which shows that the maximum temperature decreases with an increasing 
number of heat pipes in a HPCP, and the temperature difference also decreases 
slightly with an increase in the number of heat pipes. However, the HPCP with 
5 heat pipes which showed the optimum performance was still unable to main-
tain the maximum temperature below 40 oC when the heating power was 100 
W. This result suggests that simply increasing the number of heat pipes in a 
HPCP to 5 is not sufficient to meet the design requirement.  
 
Figure 7.11 Sensitivity studies on the number of heat pipe in a HPCP 
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The results in this section have shown that varying the design parame-
ters mentioned above are not sufficiently effective in enhancing the perfor-
mance of the HPCP. Hence, we now have to consider other solutions to en-
hance the performance of the HPCP.  
7.4.3  The effect of cooling fins 
Since the use of cooling fins has been one of the most effective and 
common techniques in enhancing heat transfer [156-158], experiments were 
conducted to study the effectiveness of cooling fins in enhancing the perfor-
mance of a HPCP.       
As shown in Fig. 7.6(a), 9 copper fins of dimensions 
65mm×20mm×0.5mm were force-fitted onto the condensers of the heat pipes 
with a fin pitch of 10 mm. Thereafter, the fins were soldered to the heat pipes 
to ensure good thermal contact and to minimize the overall thermal resistance 
of the finned HPCP.   
The maximum temperatures at the evaporator shown in Fig. 7.12 were 
significantly reduced when copper fins were added, and specially, the decreas-
es in maximum evaporator temperature was 6.8 oC when the heating power 
was 100 W with a horizontal orientation, and the maximum evaporator tem-
perature was controlled below 40 oC. As for the temperature differences across 
the evaporator shown in Fig. 7.12, adding copper fins also showed a great im-
provement on the HPCP performance. The temperature difference was brought 
down to about 1/4 of that without copper fins. Thus it can be confirmed that 
adding fins on the condensers of heat pipes is an effective approach in reduc-





Figure 7.12 Comparison of the thermal performance of the HPCP with and 
without fins 
  
It should be noted that the performance of the present design is far su-
perior to that of Rao et al. [61]. Despite the lower coolant temperature (21 oC) 
used by Rao et al. compared to the present test (25 oC), the cooling capacity of 
the present design at 125 W (Fig. 7.12), is much higher than the 30 W of Rao’s 
design, when their maximum temperature is limited to 50 oC and their temper-
ature difference limited to 5 oC.  
7.5 Thermal response of batteries with the HPTMS 
In the experiments described in the previous section to characterize the 
performance of the HPCP, plate heaters were used to simulate the heat load 
from the batteries. However, in order to verify the accuracy of the thermal 
model that we have developed for the battery itself (Section 8.6), we need to 
perform the same experiment using actual batteries.  
The same test rig (Fig. 7.6) that was used to characterize the perfor-
mance of the HPCP was adapted for this experiment by replacing the plate 
heaters with two prismatic batteries as shown in Fig. 7.13. One side of each 
battery (called “cooled surface”) was attached to the HPCP and the other side 
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(called “insulated surface”) was insulated by a Styrofoam block to prevent 
heat loss from the batteries to the ambient air. A layer of thermal grease (ap-
proximately 1 mm in thickness, thermal conductivity of 3 W m-1 K-1) was ap-
plied at the interface between the HPCP and the battery to ensure good thermal 
contact. 12 T-type thermocouples were attached to the 2 batteries, 3 on each 
side-surface of each battery, to monitor the transient thermal response of the 
batteries. The locations of the 3 thermocouples (T1, T2, T3) on each battery sur-
face are shown in Fig. 7.13(a) where T1 and T3 are near the ends of the batter-
ies and T2 is at the centre of the side-surfaces of the batteries. All the tests de-
scribed in this Section were performed with a coolant flow rate of 2 L min-1 
and coolant inlet temperature of 25 oC. In the experiments, the batteries were 
charged at various C_rates using a battery charger (Maccor, Inc.) and the tem-
peratures registered by the 12 thermocouples recorded in a data acquisition 
system. 
 
Figure 7.13 Experimental set up for characterizing the performance of the 
HPTMS, (b) actual battery pack 
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A typical set of results corresponding to a charging rate of 8 C is 
shown in Fig. 7.14. As can be seen from Fig. 7.14, the temperatures of T1 and 
T3 on the insulated surface of Battery 1 were found to be slightly lower than 
that of T2 at the central point. This is due to greater heat loss through the ends 
of the batteries. Similar differences between T1, T3, and T2 were observed for 
the other 3 surfaces as well, which have not been plotted in Fig. 7.14 for rea-
son of clarity. It was also observed that the temperature distributions along the 
2 insulated surfaces of the two batteries were very similar, and those along the 
2 cooled surfaces as well. This can be seen in the closeness of the values of T2 
for the 2 insulated surfaces and the 2 cooled surfaces plotted in Fig. 7.14.  
Since T2 is less affected by heat loss through the ends of the batteries, 
it is a more accurate indicator of the battery surface temperature. Hence in the 
following discussions T2 will be used as a measure of the battery temperature.  
 
Figure 7.14 Temperature rise at various locations on the surfaces of the batter-
ies 
 
The experimental results for different C_rates of charging are present-
ed in Fig. 7.15. As can be seen, the temperatures of the cooled surfaces were 
maintained below 38 oC during 3 C_rates, 5C_rates and 8 C_rate charging 
tests. Although the temperatures of the insulated surfaces exceeded 40 oC dur-
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ing 5 C_rate and 8 C_rate charging, it should be noted that in the actual battery 
pack, both side-surface of the battery will be cooled by a HPCP (Fig. 7.13(b)) 
so that their temperature will not be as high as that measured in the experi-
ment. In fact, the heat load handled by the HPCP in these experiments is about 
double that in the actual battery pack. This is because in the experiment here, 
the 2 batteries and the HPCP are completely wrapped with insulation to mini-
mize heat loss (Fig. 7.13(a)). Hence the HPCP in the experiment is subjected 
to the full heat load from 2 batteries, whereas in the actual battery pack (Fig. 
7.13(b)) both the side surfaces of each battery will be in contact with a HPCP 
so that the heat load for each HPCP is equivalent to the heat load from one 
battery only. The fact that the temperature of the cooled battery surface in the 
experiment is kept below 38 oC despite the doubling of the heat load demon-
strates that the HPCP designed can in fact handle twice the rated heat load 
from the batteries. This is consistent with the safety factor of 2 which have 
been used in the design of the HPTMS.  
 
Figure 7.15 Experimental results on Transient rise of battery temperature dur-





In order to deal with the large amount of heat generation within batter-
ies during fast charging and severe scenarios of EVs, efforts in this work were 
undertaken to enhance the cooling performance of a HPTMS for pris-
matic/pouch type lithium-ion batteries. To meet the target, sensitivity studies 
were performed on different design parameters (flow rate, coolant tempera-
ture, operating orientation, the number of heat pipes in a HPCP, working fluid 
of heat pipes, and the application of cooling fins). The final improved design 
of the HPTMS was evaluated experimentally with actual batteries during the 
charging process. The results confirmed the feasibility and effectiveness of the 
improved HPTMS for thermal management of batteries during fast charging. 
The following are the main findings from the experimental investigation: 
1. Water and methanol are comparatively good as heat pipe working fluids for 
battery cooling. Ethanol is not suitable due to premature dry-out. 
2. The performance of the HPTMS is sensitive to the variation of coolant 
temperature, and the decrease of maximum heat pipe evaporator tempera-
ture is approximately the same as that of the decrease in the coolant tem-
perature. However, a low coolant temperature is not recommended for lith-
ium-ion batteries because of lithium plating during fast charging at low 
temperature. 
3. Adding cooling fins at the heat pipe condenser sections to increase the area 
of heat transfer does significantly increase the cooling capacity of the 
HPTMS, and is confirmed to be the most effective way in reducing the 
maximum temperature and temperature difference in the battery. 
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4. The effectiveness of the HPTMS was evaluated experimentally with actual 
prismatic batteries at different C_rates of charging. It was demonstrated 
that the HPTMS was well able to handle twice the maximum heat genera-
tion from 8 C_rate charging of the batteries. 
 
Results have been published in: 
Y Ye, Y Shi, LH Saw, AAO Tay; Performance assessment and optimization of 
a heat pipe thermal management system for fast charging lithium ion battery 
packs, International Journal of Heat and Mass Transfer, 92(2016), 893-903. 
 
Y Ye, LH Saw, Y Shi, AAO Tay; Numerical analyses on optimizing a heat pipe 
thermal management system for lithium-ion batteries. Applied Thermal Engi-




8 Numerical studies on a heat pipe thermal manage-
ment system for lithium-ion batteries during fast 
charging 
8.1 Introduction 
Fig. 8.1 shows a battery pack design, in which there are 110 prismatic 
batteries (140mm×65mm×15mm, 10 Ah) in a 10×11 arrangement. HPCPs are 
in contact with both sides of each battery, a layer of thermal grease is applied 
at the interfaces between the batteries and the HPCPs, such that good thermal 
contact can be ensured. The side and front views of the battery pack are shown 
in Fig. 8.1 (b) and Fig. 8.1 (c), respectively. 
 
Figure 8.1 Schematic diagram of the heat pipe thermal management system (a) 
Pack level design; (b) Side view; (c) Front view; (d) Enlarged view of the con-
trol volume 
 
Numerical simulations play an important role in the early stage of de-
sign, and have been time-saving and cost-efficient tools for thermal designers. 
During the past three decades, design, analysis, and optimization of equipment 
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and/or processes involving conjugate heat transfer with fluid flow have exten-
sively been performed by using computational fluid dynamics software [81]. 
Specific to the design of a battery pack, numerical simulations help designers 
get rid of the tedious assembly work, avoid the high voltage and high current 
involved in the tests, and can be used to optimize the battery pack design.  
In view of the above, numerical models will be developed for the 
simulating the performance of a HPTMS for the battery pack. To achieve a 
reasonable accuracy for the simulation, the numerical model of the HPTMS 
should include a model for each individual heat pipes as well as the conjugate 
heat transfer between the condensers and the coolant.  
As indicated by the control volume shown in Fig. 8.1(b)-(d), a HPCP is 
required to dissipate an amount of heat that equals the heat generated in one 
battery in the battery pack. The model incorporates all the components, includ-
ing the heat pipes, copper heat spreaders, fins, coolant-flow in the channel and 
the batteries. The amounts of heat generated within a battery during charging 
with different C_rate currents have been experimentally measured and pre-
sented in Chapter 7 (Fig. 7.2). Taking a safety factor of 2.0 into account, a 
HPCP is required to cater for 108.8 W of heat load during the 8 C_rate charg-
ing process. 
In the following sections, the modeling of an individual heat pipe will 
be presented, followed by the modeling of the HPCP. The experimental results 
presented in Chapter 7 will be used to verify the accuracy of the developed 
models. The model for HPCPs is then used in the numerical study of the 
HPTMS for the designed battery pack by incorporating a thermal model of the 
batteries.  The experimental results in Section 7.5 on the assembly of a HPCP 
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with two prismatic batteries will be used to verify the validity of the simula-
tion. In the final section, the model is extended to a study of the feasibility of a 
HPTMS cooled by air.   
In this numerical study, simulations were performed using the com-
mercial computational fluid dynamics code-ANSYS CFX 15. The model was 
computed in double precision mode with a local parallel solver. A tight con-
vergence tolerance of 1.0×10-6 was set for the governing equations for both 
flow and thermal energy in all the simulations. In addition, grid independence 
tests were carried out to refine the grid size until the results are not affected by 
further refinement of the mesh and the error of the results is kept to within 5%. 
In this numerical study, thermal radiation transfer was assumed to be negligi-
ble. 
8.2 Modeling of heat pipes 
Typically the time available for thermal designers to perform design 
sensitivity studies is short, and there is a demand for a predictive tool that al-
lows the thermal designers to estimate the thermal performance of heat pipes 
quickly with reasonable accuracy [159, 160]. As the detailed numerical simu-
lation of all the transient heat, mass, and vapor transport processes in the heat 
pipes is time- and resource-consuming [161, 162], a simplified model of the 
heat pipe is necessary. Some researchers have tried to model the heat pipe 
simply as a solid conductor (one-domain conduction model) with a very high 
effective thermal conductivity [163-167], but this has been shown to be inac-
curate. Instead, in this study, a 3-domain conduction-based model [159, 168] is 
used which is greatly simplified but have a reasonable accuracy. 
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8.2.1 3-domain model of heat pipes 
The 3-domain conduction-based model presented by Prasher [159] was 
developed based on the assumption that the wick is completely saturated with 
the liquid and no boiling takes place within the wick [159]. The heat transfer 
through a heat pipe can then be simplified to a simple thermal conduction 
through 3 different regions (domains) as shown in Fig. 8.2, namely casing, 
wick, and vapor core, which are assumed to be solid domains. The heat pipe 
geometric parameters are tabulated in Table 8.1. The thermal properties of 
each domain will be discussed below.  
 
Figure 8.2 Schematic of 3 conduction domains of a heat pipe 
 
Table 8.1 Heat pipe parameters 
 
Symbol Definition Value 
rc cross-sectional radius of the copper casing (m) 0.004 
ri inner container radius (m) 0.0036 
rv cross-sectional radius of vapor core (m) 0.003 
le evaporation length of heat pipe (m) 0.14 
lad adiabatic length of heat pipe (m) 0.02 
lc condensation length of heat pipe (m) 0.09 
lt total length of heat pipe (m) 0.25 
ε porosity (-) 0.50 
 
8.2.1.1  Copper casing 
For the copper casing in the simulation, since the heat transfer through 
the heat pipe casing is through pure conduction, the thermal properties of 




8.2.1.2  Wick domain 
    The heat pipe in the present design was selected with a higher max-
imum heat transfer limit [159, 169, 170] than the target heat load, so that dry 
out would not occur during the operation. On this basis, the wick domain can 
be treated as a porous structure saturated with water. The effective thermal 
conductivity, wickk , of this wick domain can be determined utilizing the well-
accepted model developed by Chi et al. [171].     
[( ) (1 )( )]
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 (8.1) 
where lk  and sk  are the thermal conductivity of working fluid and sintered 
copper powder porous wick, respectively. In the present study, the effective 
thermal conductivity was calculated to be 2.502 W m-1 K-1.   
The density of the wick domain is the volumetric averaged density, Eq. 
(8.2), of the mixture of water and sintered copper powder porous wick. The 
specific heat capacity of the wick structure is calculated from Eq. (8.3). In the 
equations, wickr , lr , sr  are the densities of the wick, liquid and copper pow-
der, respectively, ,p wickC , ,p lC , ,p sC  are the specific heat capacity of the wick, 
liquid and copper powder, respectively.  
( )1wick l sr er e r= + -  (8.2) 
( ), , ,1p wick l p l s p s wickC C Cer e r ré ù= + -ë û  (8.3) 
8.2.1.3 Vapor core 
By assuming that the vapor is incompressible, and the vapor flow is 
laminar and fully developed, and relating the pressure drop with the tempera-
ture drop by using the Clapeyron equation and ideal gas law [159, 168, 172], 
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the effective thermal conductivity of the vapor core of a tubular heat pipe is 









=  (8.4) 
where rv is the cross-sectional radius of the vapor core, L is the latent heat of 
vaporisation of water, ρ is the density of the water vapor, Pv is the saturation 
pressure of the vapor, μ is the dynamic viscosity of the vapor, R is the specific 
gas constant of the vapor, Tv is the temperature of the vapor. kvapor was 
calculated to be 4.9×106 W m-1 K-1 using the properties of saturated water va-
por at the temperature of 40 oC (Tv=40 oC).  
The other properties of the heat pipe and the battery, including the spe-
cific heat capacity, density, are listed in Table 8.2. The anisotropic thermal 
conductivity of the battery was measured using the transient planar source 
(TPS) technique (Hot Disk TPS2500), and the specific heat of the battery was 
measured using the adiabatic mode of an accelerated rate calorimeter (ARC, 
THT., Ltd). The density of the battery was obtained by calculating the ratio of 
the mass of the battery to the volume of the battery.  
Table 8.2 Thermal and physical properties of materials 
 
Properties Water  Copper Thermal 
paste 
Battery 
Density (kg m-3) 997.0 8933 3000 2110 
Thermal conductivity (W m-1K-1) 0.607 393.0 3.0 x, y: 15.6; z:1.4 
Specific heat (J kg-1K-1) 4181.7 385.0 1700 1264 
8.2.2 Calibration of heat pipe parameters 
Initially, experiments were conducted to calibrate the critical parame-
ters for the modeling of the heat pipe. The experimental setup and the testing 
procedure are the same as those described in Section 7.3. The heat pipe was 
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tested with 3 different heat loads, and the effective heat transfer rates through 
the heat pipe (18.6 W, 28.0 W and 38.0 W) were determined from the heat 
gains of the cooling water so as to avoid the effect of heat losses. The experi-
mental results are plotted in Fig. 8.3 
 
Figure 8.3 Experimental calibration on the effective thermal conductivity of 
the wick structure 
 
The temperature distribution along the heat pipe was also simulated 
numerically using the 3-domain conduction model described in Section 8.2. 
The problem domains and boundary conditions of the numerical simulation of 
the single heat pipe are shown in Fig. 8.4. The simulations made use of the 
parameters (e.g., kwick, Cwick, ρwick, kvapor) determined in Section 8.2.1 
 
Figure 8.4 (a) Calculation domains and boundary conditions for the single heat 




The simulated temperature distributions along the heat pipe are plotted 
in Fig. 8.3. The average temperature predicted from the simulation along the 
evaporator section is less than 5.1% lower than the experimental results, show-
ing considerable accuracy of the model. The discrepancy is probably due to 
the overestimation of the wick domain effective thermal conductivity calculat-
ed from Eq. (8.1). This overestimation of wickk  may be due to imperfect liquid 
saturation, copper powder deformation, and the uncertainties in measurements 
of the thickness and porosity of the wick structure [173]. In addition, the mag-
nitudes of the effective thermal conductivity for the vapor core and wick are in 
the order of 106 and 101, respectively. Hence, the heat pipe thermal perfor-
mance is far more sensitive to variations in the effective thermal conductivity 
of the wick structure, and the influence of variations in the effective thermal 
conductivity of the vapor core can therefore be considered negligible [160, 
164, 166]. A calibration was therefore performed to compensate for the inac-
curacy in the calculation of wickk  so as to improve the modeling accuracy. As 
shown in Fig. 8.6, the value of wickk  was calibrated to be 1.82 W
 m-1 K-1, a 
value which was reasonably close to the calculation from Eq. (8.1). The good 
agreement in temperature prediction shown in Fig. 8.4 suggests that this sim-
plified model is an excellent approximation of the heat pipe thermal perfor-
mance. This calibrated wickk  has been employed in the following numerical 
studies.  
It is worth noting that, the 3-domain conduction model is much superi-
or to the one-domain conduction model [163-167], as it performs much better 
in predicting the uniform temperature distribution along the heat pipe evapora-
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tor. A simple comparison at the heating load of 38.0 W between the three-
domain and one-domain prediction is presented in Fig. 8.4. The temperature 
along the heat pipe predicted by the one-domain conduction model (a net val-
ue of effective thermal conductivity of 9307 W m-1 K-1) gradually decreases 
from the evaporator to the condenser, and deviates greatly from the experi-
mental results although there is a reasonably good approximation in the aver-
age temperature along the evaporator.  
8.2.3 Validation of transient heat pipe model  
A transient simulation was performed using the measured transient av-
erage wall temperature (Fig. 8.5) along the evaporator section to avoid the 
complexity and uncertainty associated with modeling the thermal response of 
the electric heater and the insulation along the evaporator section. This ap-
proach was also adopted by Tournier et al. [174] for the simulation of similar 
cases.  
 
Figure 8.5 Transient evaporator wall temperature and effective heat transfer 
rate of a single heat pipe with a 40 W heat load 
 
The simulated effective heat transfer rate calculated from the heat gain 
of the cooling water showed excellent agreement with the experimental data as 
shown in Fig. 8.5. The simulated transient wall temperatures also agreed well 
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with the experimental data shown in Fig. 8.6. Such good agreement in transi-
ent response suggests that the proposed model can predict the transient ther-
mal performance well and can be used in the investigation of the thermal per-
formance of HPCPs.  
 
Figure 8.6 Simulated transient wall temperature of a single heat pipe with a 40 
W heat load 
8.3 Heat pipe cold plate modeling and validation  
In this section, a numerical model for the HPCP is developed and vali-
dated against the experimental results. The experiment tests on the HPCP have 
been performed and the experimental results have been presented in Chapter 7 
(Section 7.4). In the experimental testing on the HPCP without fins at the con-
denser sections, the HPCP consisting of 4 pieces of heat pipes was heated up 
by plate heaters with a constant heat source of 100 W and the condenser sec-
tion was cooled by 25 oC cooling water with a flow rate of 2 L min-1 through 
the cooling channel. This test case was done in order to further validate the 
HPCP model. The corresponding calculation domains and boundary condi-







Figure 8.7 Computational domains and boundary conditions of the numerical 
simulation of the HPCP (a) global view (b) side view (c) mesh 
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Since the adiabatic sections are thermally insulated by Styrofoam 
blocks, an adiabatic boundary condition is used for the adiabatic section of the 
heat pipe because the heat loss through the Teflon insulation is considered 
negligible. A uniform heat flux boundary condition is assigned on the copper 
heat spreaders, as plate heaters supply heat to the copper heat spreaders of the 
HPCP with the external surfaces of the plate heaters insulated by Styrofoam-
insulators. Due to the symmetric geometry, only half of the domain shown in 
Fig. 8.7 is used in the simulation by assigning a symmetry boundary condition 
on the symmetric plane.  
Comparisons between the simulation results and experimental data as 
shown in Fig. 8.8 showed the considerable accuracy of the model. The maxi-
mum temperature (Tmax) simulated is 43.3 oC, which is 0.9 oC lower than the 
experimental measurement. The discrepancy is probably due to the imperfect 
thermal contacts in the experiment.  
 
Figure 8.8 Model validation through comparing the temperature distribution of 
the HPCP with experimental measurements 
 
As can be seen from the simulated temperature contour, a generally in-
creasing trend in temperature from the left top corner to the right bottom cor-
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ner is found. The simulation predicted a maximum temperature difference 
(ΔT) in the copper plate heat spreader of 2.9 oC which is slightly lower than 
the experimental measurement of 3.7 oC. The temperature gradient in the y 
direction is due to the heat conduction from the bottom to the top, while the 
temperature gradient in the x direction is most probably due to the increasing 
temperature of water and the decreasing heat transfer coefficient at the heat 
pipe condenser sections in the coolant flow direction.  
Further validation efforts were performed by varying the coolant flow 
rate. As can be seen from the maximum temperatures Tmax and the temperature 
differences ΔT in Fig. 8.9, there is reasonable agreement between simulation 
and experimental results. Tmax and ΔT are seen to decrease with coolant flow 
rate with the rate of decrease decreasing with coolant flow rate. It can be seen 
that the decrease in Tmax is much smaller from 2.0 L min-1 to 3.0 L min-1 than 
from 1.0 L min-1 to 2.0 L min-1. Hence, 2.0 L min-1 appears to be an optimum 
flow rate for the present design and will be used in the following numerical 
studies.  
 





8.4 Improving the temperature uniformity of the HPCP 
To address the temperature difference issue in a HPCP, efforts should 
be dedicated to mitigate the decrement in streamwise heat transfer coefficient. 
The averaged heat transfer coefficient at the surfaces of each heat pipe con-










where i (1, 2, 3, 4, 5) is the sequential label for the heat pipes along the direc-
tion of coolant flow, hi is the average heat transfer coefficient at the condenser 
surface for each heat pipe, qi is the heat flux at the condenser surface, Ts,i is the 
condenser surface temperature, Tf.i is the bulk mean temperature of the fluid 
domains (Fig. 8.10(a)) enclosing each heat pipe condenser.  
 
Figure 8.10 Schematic of HPCPs assembled with different numbers of heat 
pipes (a) 3 heat pipes, (b) 4 heat pipes, (c) 5 heat pipes, (d) 4 heat pipes with 1 
dummy heat pipe 
 
Numerical solutions were carried out for HPCPs with different num-
bers of heat pipes, namely 3 heat pipes (Fig. 8.10(a)), 4 heat pipes (Fig. 
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8.10(b)), and 5 heat pipes (Fig. 8.10(c)). From the temperature distributions on 
the HPCPs given in Figs. 8.11(a), 8.8 and 8.11(b), it can be seen that the HPCP 
with 4 heat pipes showed the smallest temperature difference of 2.9 oC, alt-
hough the HPCP with 5 heat pipes gave the lowest maximum temperature 
Tmax. This phenomenon is due to the fact that the hi of the HPCP with 5 heat 
pipes decreased dramatically in the streamwise direction (Fig. 8.12) due to the 
variation of flow pattern with the decrease in condenser pitch, although the 
larger condenser surface area helps to reduce the maximum temperature. De-
tailed discussion on the flow pattern is not covered in this work as this issue 
has been well addressed in the literature [175-177].  
 
Figure 8.11 Comparison of temperature distribution between HPCPs with 3 
heat pipes and 5 heat pipes, 2L min-1, 100W 
 
 
Figure 8.12 Variation of the effective heat transfer coefficient at heat pipe con-




As can be seen from Fig. 8.12, the local heat transfer coefficient hi de-
creases significantly from the 1st heat pipe condenser to the 2nd heat pipe con-
denser in all the three cases simulated. Particularly for the HPCP with 4 heat 
pipes, the result plotted in Fig. 8.12 shows that the average heat transfer coef-
ficient of the 1st heat pipe was 32 % higher than that of the 4th heat pipe. After 
the sharp decrease from the first two heat pipes, the difference in heat transfer 
coefficient between the 3rd heat pipe and the 4th heat pipe becomes minimal. 
This distribution of heat transfer coefficient, is commonly found in the design 
of heat exchangers [175-177], and is the main cause of the temperature non-
uniformity of the HPCP. One possible solution to mitigate this non-uniformity 
is to place a cylinder (dummy heat pipe) in front of the 1st heat pipe condenser 
in the flow as shown in Fig. 8.10(d). A milder decrease of local heat transfer 
coefficient hi is found as compared to that without the dummy heat pipe. Con-
sequently, the temperature difference is reduced by 0.6 oC. Other possible so-
lutions could be using parallel cooling instead of series cooling [5] and im-
plementing reciprocating coolant flow [21]. Such detailed optimization work 
is beyond the scope of this study but could be done in the future.  
8.5 Improving performance by adding fins at the condenser 
sections 
Adding cooling fins has long been recognized as an effective method 
for heat transfer performance enhancement. This approach was also investi-
gated in this study concerning the heat transfer enhancement and temperature 
difference mitigation. As shown in Fig. 8.13, design (a) is a HPCP with bare 
heat pipe tubes at the condenser sections, and design (b) is a HPCP with large 
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fin-pitches (9.0 mm) at the condenser section. The dimensions of the copper 
fins are 65 mm × 20 mm× 0.5 mm.  
 
Figure 8.13 Design of a HPCP with (a) and without (b) cooling fins at the 
condenser section of heat pipes 
 
A comparison of the simulated temperature contours between HPCP 
with fins and without fins at the condenser sections with liquid cooling is giv-
en in Fig. 8.14 to highlight the effectiveness of the cooling fins. As can be seen 
from the contours in Fig. 8.14, the temperature difference was slightly reduced 
from 3.0 oC to 2.7 oC presumably due to the thermal conduction among heat 
pipes via the copper fins. The maximum temperature was greatly reduced from 
43.4 oC to 37.9 oC when copper fins were applied, which suggests that adding 
copper fins to the condenser section is an effective method for heat transfer 
enhancement of the HPCP. The parametric analysis results presented in Fig. 
8.15 shows that the cooling capacity of the HPCP can be drastically increased 
from 71.0 W to 115.0 W, fulfilling the design requirements.   
To verify the accuracy of the numerical simulations in this section, ex-
periments were conducted using the test rig described in Section 7.4 with 
HPCP having 3, 4 and 5 heat pipes. The experimental results are compared 





Figure 8.14 Comparison of temperature contours between HPCP with fins and 




Figure 8.15 Comparison of the performance of the HPCP with and without 
copper fins at the condenser sections 
 
8.6 Simulation of thermal behaviour of batteries in a battery 
pack during fast charging 
The thermal behaviour of a typical battery in a pack shown in Fig. 8.1 
can be obtained by analyzing the heat transfer in a control volume shown in 




Figure 8.16 An enlarged view of the control volume and the problem domain 
 
Due to symmetry, only half of the control volume needs to be consid-
ered in the simulation. As can be seen, the problem domain in the simulation 
contains half of a battery, half of the HPCP and its corresponding cooling 
channel with water as the coolant. A layer of thermal grease at the interface 
between the battery and the HPCP is also included in the problem domain us-
ing a thin resistive layer option (Ansys CFX 15.0). The thermal properties of 
the thermal grease and the battery are tabulated in Table 8.2. Details of the 
boundary conditions are presented in Fig. 8.16. A symmetry boundary condi-
tion is applied on each symmetric plane of the control volume. For this simula-
tion, the transient heat generation in the prismatic battery which was measured 
and presented in Fig. 7.2 was used.  
As can be seen from the predicted results in Fig. 8.17, the temperature 
on the cooled surface can be maintained well below 40 oC (actually below 34 
oC) at the end of 8 C_rate charging. The temperature of the symmetric plane 
(where the maximum temperature in the battery occurs) is slightly higher than 
40 oC, but is still below 42 oC. This temperature range is acceptable to secure 
the battery safety, and is well below the surface temperature limit of 50 oC 
adopted by other researchers when designing TMS for lithium-ion batteries 
[60, 61]. In short, these results appear to prove the excellent cooling ability of 




Figure 8.17 Numerical prediction of temperature of batteries on the cooled 
surfaces and the symmetric central planes 
 
Experimental Verification 
The above predictions were obtained by solving the transient conjugate 
heat transfer between the battery and the HPTMS. Though the validity of the 
model of the HPTMS has been verified in the previous sections (Section 8.2 
and Section 8.3) in this chapter, the accuracy of the predictions of the thermal 
behaviour of the battery in the battery pack (an assembly of a HPTMS and bat-
teries) is highly dependent on the thermal properties used for the simulation of 
the battery given in Table 8.2. Hence, an experimental validation using an as-
sembly of batteries and the HPTMS is necessary to justify the accuracy of the 
above predictions. In view of this, we made use of the experimental results 
presented in Chapter 7 (Fig. 7.12). However, the problem domain and bounda-
ry conditions of the experimental setup are slightly different from the typical 
battery in a pack as shown in Fig. 8.18. The HPCP in the experimental setup is 
receiving twice the heat load received by the HPCP in a battery pack. Hence, 
the boundary conditions and problem domain for the numerical simulation of 




Figure 8.18 Problem domain and boundary conditions for the model of a bat-
tery in a pack (a) and a battery in the test 
 
As can be seen from the comparison between the experimental data 
from Fig. 7.12 and the present simulation results in Fig. 8.19, the numerical 
results showed very good agreement with the experimental data, except for the 
relatively larger discrepancy for the simulation at the insulated surface at 8 
C_rate charging. The discrepancy for this case can be attributed to the greater 
heat loss from the batteries to the ambient air, which was considered negligible 
in the numerical simulation. Nevertheless, the average absolute deviation for 
this worst case is still below 3.6%, and it can be conclude that the accuracy of 
the numerical results have been well verified by the experiments. 
 
Figure 8.19 Validation on battery temperatures during different C_rates charg-
ing at the cooled surface and the insulated surface 
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8.7 Improving the uniformity of battery surface temperature 
In the design of a HPTMS by Rao et al. [61], plate heaters are directly 
attached to the 4 pieces of heat pipes using thermal paste, the effective heat 
transfer areas are the 4 strips of contact area. In the present design, two pieces 
of copper plates are soldered to the 4 pieces of heat pipes to act as heat spread-
ers making use of the high thermal conductivity of the copper plates. Thermal 
paste is also applied to ensure good thermal contact between the batteries and 
the copper plates. Thermal resistance networks of these two designs are 
sketched in Fig. 8.20. As highlighted in the figure, the main difference be-
tween these two designs lies in the magnitude of the effective heat transfer ar-
eas through the thermal paste layer, as the thermal resistances of the copper 
plate and solder junction are negligible compared to the thermal resistance of 
the thermal paste mainly due to the high thermal conductivity of copper mate-
rial and the small thickness of the solder joints [178, 179].  
 
Figure 8.20 Schematics of the thermal resistance network of HPTMS with and 
w/o plate heat spreaders 
 
With the implementation of copper plate heat spreaders, the thermal re-
sistance of the thermal paste layer is reduced by half as indicated in Eq. (8.6),  
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( ) ( ), , / 4 0.5paste with paste w o plate paste strip pasteR R L A k L A k= »  (8.6) 
where Rpaste,with and Rpaste, w/o are the thermal resistance of thermal paste layer 
in the present design and in Rao’s design, respectively; Aplate and 4Astrip are the 
corresponding effective contact areas in these two designs, and the value of 
Aplate is roughly 2 times that of 4Astrip; L and kpaste are the thickness and 
thermal conductivity of the paste, respectively.  
The simulation results presented in Fig. 8.21 for an 8 C_rate charging 
process showed lower temperatures in the HPTMS with copper plate heat 
spreaders than that without heat spreaders. Further comparisons of temperature 
distributions on the battery surfaces in Fig. 8.22 show that the variation of 
temperature of the HPTMS with copper heat spreaders is smaller than the 
HPTMS without heat spreaders. The surface temperature difference is reduced 
from 5.3 oC to merely 1.2 oC. The above results appear to confirm the im-
provement of thermal performance of the HPTMS with the copper heat 
spreaders in reducing overall thermal resistance and improving battery tem-
perature uniformity. 
 
Figure 8.21 Comparisons of transient temperature rise in batteries cooled by 





Figure 8.22 Comparisons of temperature contours of batteries cooled by 
HPTMS with and w/o copper plates, at the end of 8 C_rate charging 
 
8.8 Feasibility of air cooling 
Air cooling systems are highly preferred by designers and manufactur-
ers for thermal management of lithium-ion batteries due to their simplicity and 
lower cost. However, air cooling is not a proper solution for stressful and 
abuse conditions [62, 63], especially during high rates of charg-
ing/discharging. This is due to the low specific heat of air and low effective-
ness of heat dissipation. With the installation of heat pipes and cooling fins, 
there may be a possibility of replacing the liquid cooling loop in the HPTMS 
with convective cooling using the vehicle cabin air. 
To demonstrate the feasibility of ideas of air cooling, numerical 
simulations using the present model were undertaken. To enhance the heat 
transfer performance of the HPTMS, the number of copper fins was increased 




Figure 8.23 Schematic of a HPCP with 29 copper fins for air cooling in the 
simulation  
 
The simulations were performed with two representative volume flow 
rates, namely 19.44 m3 h-1 and 38.88 m3 h-1. The predicted results of the 
maximum temperature of batteries charged with current corresponding to 
different C_rates (3 C, 5 C, and 8 C) are plotted in Fig. 8.24. As shown in the 
figure, the maximum temperature of batteries can be controlled to below 40 oC 
at the end of 5 C_rate charging with an air flow rate of 38.88 m3 h-1 but not for 
8 C_rate charging. The temperature rise of cooling air at the end of 5 C_rate 
charging with an air flow rate of 38.88 m3 h-1 is 0.9 oC. Although this 
increment may seem small, it should be noted that this is just the temperature 
rise of the cooling air across one typical HPCP unit. For a battery pack 
consisting of 10 HPCPs in series (Fig. 8.1), the temperature rise of the air 
between the inlet and the outlet of the coolant channel can build up to 
approximately 9 oC. This will lead to a temperature difference of 9 oC across 
the battery pack and a maximum temperature of about 50 oC at the end of 5 C 
charging with 38.88 m3 h-1 air flow rate, which is not satisfactory according to 
the design criterion. This indicates that while the performance of air cooling 
could be enhanced with fins, the application is still limited by the low specific 
heat of air. Therefore, air cooling is not feasible for thermal management of 




Figure 8.24 Transient maximum temperature evolutions of batteries cooled by 
air-cooled HPTMS during different C_rate charging processes 
 
8.9 Summary 
In order to deal with the large amount of heat generation within batter-
ies during fast charging and aggressive operating conditions of EVs, efforts of 
this study were undertaken to enhance the thermal performance of a heat pipe 
thermal management system. In the HPTMS, the heat generated in the battery 
was conducted through a HPCP and was then dissipated to a water cooling 
loop from the condenser sections. A safety factor of 2.0 was adopted for the 
HPTMS. A numerical model, as a time-saving and cost-effective tool for de-
sign studies, was calibrated and comprehensively validated with experimental 
results. The model showed considerable accuracy in the experimental valida-
tion, and was then used in the sensitivity analysis.  
Critical quantities such as the maximum temperature and temperature 
difference on the copper heat spreaders of the HPCP were extracted from the 
computational results to characterize the effectiveness of the HPTMS. The 
numerical simulations show that: 
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1. Increasing the number of heat pipes in a HPCP will not necessarily im-
prove the temperature uniformity, while a cylindrical vortex generator 
placed in front of the heat pipe condensers helps to reduce the non-
uniformity of the heat transfer coefficient at the heat pipe condenser sur-
face in the stream wise direction.  
2. The installation of copper heat spreaders between the heat pipes and the 
battery surface helps to greatly improve the thermal performance of the 
HPTMS by lowering the thermal resistance and improving the temperature 
uniformity.  
3. Numerical simulations of a battery pack with a HPTMS with batteries 
charged at various C_rate currents showed that the HPTMS can manage 
the temperature rise in lithium-ion batteries charged at high C_rates (up to 
8 C_rate).  
4. Numerical simulations on the finned HPTMS with forced air convection at 
the finned condenser sections show that the air-cooled HPTMS is not ef-
fective for cooling battery packs undergoing fast charging due to the low 
specific heat capacity of air which give rise to an unacceptable large tem-
perature rise and large temperature non-uniformity across the battery pack. 
 
Results have been published in: 
Y Ye, LH Saw, Y Shi, AAO Tay; Numerical analyses on optimizing a heat pipe 
thermal management system for lithium-ion batteries. Applied Thermal Engi-




9 Conclusion and future work 
9.1 Conclusions 
This thesis is focused on the electrochemical-thermal modeling and 
thermal management of lithium-ion batteries. The electrochemical perfor-
mance, thermal performance, cycle life performance, as well as capacity re-
covery of lithium-ion batteries were investigated through modeling and simu-
lation. Additionally, a heat pipe thermal management system was optimized 
for lithium-ion batteries undergoing fast charging. These studies are helpful to 
understand the thermal behaviour and capacity-fading mechanism in lithium-
ion batteries, as well as to improve the capacity recovery time-efficiency, and 
to optimize the performance of thermal management systems for lithium-ion 
batteries.  
9.1.1 Modeling of lithium-ion batteries    
Modeling of lithium-ion batteries on the electrochemical-thermal cycle 
life performance was conducted. The model comprised the differential equa-
tions governing transient conservation of charge and species in the solid and 
solution phases, and the conservation of energy.  
In the first study, an electrochemical-thermal cycle life model for lithi-
um-ion battery was developed to predict the open-circuit voltage of a cycled 
battery and evaluate the temperature effect on battery capacity loss. The model 
was calibrated and validated with experimental data from the literature. It was 
found feasible to use the dominant factor to represent the overall capacity-
fading of the battery, and the accuracy of the simulation results for discharging 
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potential was acceptable. The model can be used to predict the cycle-number-
dependent OCV characteristic curves which are necessary for accurate estima-
tion of SOC for cycled batteries in a battery management system. It was found 
that the battery surface temperature is generally lower than the average tem-
perature of the battery, and is therefore not truly representative of the battery 
temperature. It is a compromise to use the surface temperature as the charac-
teristic temperature of the battery due to the difficulty of measuring the tem-
perature inside the battery. To recover the capacity loss of a cycled battery, 
additional lithium ions should be provided to the battery. A capacity recovery 
method for cycled batteries was proposed. The active lithium can be compen-
sated either by charging the negative electrode of a fully-discharged battery or 
discharging the positive electrode of a fully-charged battery against a lithium 
metal electrode inserted into the center of the cycled battery.  
In the second study, a local-scale electrochemical model was devel-
oped for a spiral-wound lithium-ion battery to provide detailed and local in-
sights of electrochemistry, transport phenomenon and heat generation in spi-
ral-wound geometries. The electrochemical model was employed for the study 
of capacity recovery methods for used/cycled batteries and the edge effect of 
the spiral-wound geometry of a cylindrical battery. The feasibility of the cen-
ter capacity-recovery method was evaluated and compared against other re-
covery methods. The performance of various capacity recovery methods for a 
novel battery with porous current collectors was also numerically studied. It 
was found that the center recovery method is infeasible for a battery with im-
permeable current collectors, while it performs better than the bottom recovery 
method for a battery with permeable current collectors, as it generates smaller 
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lithium ion concentration gradients which are helpful in reducing the recovery 
time. Furthermore, battery capacity recovery by discharging the negative elec-
trode material is better than by discharging the positive electrode material due 
to the higher lithium ion diffusivity and larger reaction rate. However, it 
should be noted that this conclusion is limited to the particular battery studied. 
When it comes to batteries with a different electrode material, the capacity re-
covery performance will be better by choosing the electrode with higher lithi-
um-ion diffusivity and reaction rate so as to reduce the recovery time. The 
model was also applied to the study of the local distribution of lithium-ion 
concentration in two different spiral-wound cylindrical lithium-ion battery de-
signs. It was found that, for a battery with impermeable current collectors, the 
improved design has a higher electrode material utilization rate than that of the 
normal design, as some electrode materials are found to be non-functional at 
the inner and outer edges of the normal battery. For the normal design, a bat-
tery with permeable current collectors has a higher electrode utilization rate 
than that for impermeable current collectors, as the porous structure of the 
permeable current collectors allows the lithium-ions to diffuse through the cur-
rent collectors, making it possible to utilize the non-functional electrode mate-
rials at the edges of the spiral structure.  
In the third study, a 2-D electrochemical-thermal model was developed 
for a large-format laminated stack plate prismatic/pouch lithium-ion battery. 
The thermal contact resistance at the interfaces of the laminated structures was 
found to reduce the cross-plane effective thermal conductivity and significant-
ly increase the temperature difference between the center and the surface of 
the battery. The resulting high temperature gradient across the battery will in-
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duce non-uniformity of charging-discharging currents and state of health 
among the multiple unit cells within the battery. The poor cross-plane thermal 
conductivity makes it difficult to reduce the maximum temperature and narrow 
down the temperature difference by simply intensifying the external cooling. 
The pulse charging protocol, which is promising in resolving the thermal issue 
during fast charging, was found to be incapable of mitigating the thermal gra-
dients, because of a higher time-averaged heat generation rate compared to 
constant current charging on the basis of the same total charging time. Finally, 
suggestions on battery geometry optimizations for both prismatic/pouch and 
cylindrical batteries are proposed to reduce the maximum temperature and 
mitigate the temperature difference. Prismatic/pouch batteries with small 
thicknesses and cylindrical batteries with small aspect ratios are preferred for 
battery design from the perspective of thermal performance, although the final 
battery geometry design should also take into account the mechanical strength 
and the packaging cost. 
9.1.2 Thermal management for lithium-ion batteries 
In order to deal with the large amount of heat generation within batter-
ies under fast charging and severe driving scenarios of EVs, efforts in this the-
sis have been undertaken to enhance the cooling performance of a HPTMS for 
prismatic/pouch type lithium-ion batteries. In the HPTMS, the heat generated 
in the battery was conducted through a HPCP and was then dissipated by a 
water cooling loop from the condenser sections of the heat pipes.  
In the experimental work, sensitivity studies were performed on differ-
ent design parameters (flow rate, coolant temperature, operating orientation, 
the number of heat pipes in a typical HPCP unit, working fluid of heat pipes, 
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and the application of cooling fins). The finalized improved design of the 
HPTMS was evaluated experimentally with actual batteries during the charg-
ing process. The results confirmed the feasibility and effectiveness of the im-
proved HPTMS for thermal management of batteries during fast charging. The 
following are the main findings from the experimental investigation:  
1. Water and methanol are comparatively good as heat pipe working fluids for 
battery cooling. Ethanol is not suitable due to premature dry-out.  
2. The performance of the HPTMS is sensitive to the variation of coolant 
temperature, and the decrease of maximum heat pipe evaporator tempera-
ture is approximately the same as that of the decrease in the coolant tem-
perature. However, a low coolant temperature is not recommended for lith-
ium-ion batteries because of lithium plating during fast charging at low 
temperature.  
3. Adding cooling fins at the heat pipe condenser sections to increase the area 
of heat transfer does significantly increase the cooling capacity of the 
HPTMS, and is confirmed to be the most effective way in reducing the 
maximum temperature and temperature difference in the battery.  
4. It was demonstrated experimentally that the optimized HPTMS designed in 
this study was capable of handling twice the maximum heat generation 
from 8 C_rate charging of the batteries. 
In the numerical study, a numerical model was developed, calibrated 
and comprehensively validated with experimental results. The model showed 
considerable accuracy in the experimental validation, and was then used in the 
sensitivity analysis. Relevant quantities such as the maximum temperature and 
temperature difference across the copper heat spreaders of the HPCP were ex-
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tracted from the computational results to characterize the effectiveness of the 
HPTMS. The numerical investigations show that:  
1. Increasing the number of heat pipe in a HPCP will not necessarily improve 
the temperature uniformity, while a cylindrical vortex generator placed in 
front of the heat pipe condensers helps to reduce the non-uniformity of the 
heat transfer coefficient at the heat pipe condenser surface in the stream-
wise direction.  
2. The installation of copper heat spreaders between the heat pipes and the 
battery surface helps to improve the thermal performance of the HPTMS 
by lowering the thermal resistance and improving the temperature uni-
formity.  
3. Numerical simulations of a battery pack installed with the HPTMS and 
charged at different C_rate currents showed that the HPTMS can manage 
the temperature rise in lithium-ion batteries charged at high C_rates (up to 
8 C_rate).  
4. Numerical simulations on the finned HPTMS with forced air convection at 
the finned condenser sections show that the air-cooled HPTMS is not ef-
fective for cooling battery packs undergoing fast charging due to the low 
specific heat of air which give rise to unacceptably large temperature rises 
and large temperature non-uniformity across the battery pack.  
9.2 Recommendations for future work 
The findings in this study should help in the understanding of the heat 
generation and capacity-fading mechanisms in batteries, and provide guidance 
for further optimization of battery design, capacity recovery as well as heat 
pipe thermal management systems for lithium-ion batteries. However, there 
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are several interesting problems uncovered in this study, which could be stud-
ied in the future.  
Heating up of batteries from a low temperature is beyond the scope of 
the study, but it is of great significance for the operation of lithium-ion batter-
ies in low ambient temperature climates as the low temperature may degrade 
the electrochemical performance and shorten the lifetime of the battery.   
In the electrochemical-thermal model developed in this study, the as-
sumption of uniform active material particle size in the electrode is difficult to 
fulfill in practical fabrication. Further improvement of the model can be done 
taking into account the various particle size distributions for optimizing the 
cell design.  
Additionally, loop heat pipes [180] and pulsating heat pipes [181] may 
also be good candidates for heat pipe thermal management systems for EVs 
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